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I. INTRODUCTION 
The chemical processing industry has long used catalysts in the 
production of chemicals. Catalysts provide a means of lowering the 
activation energy of a chemical reaction, making the reaction proceed 
more easily, at lower pressure and temperatures, than the reaction 
couli proceed without the catalyst. Nature has provided living organisms 
with a multitude of catalysts, called enzymes, that control almost every 
reaction that takes place within that organism. These catalysts are 
often very specific about what type of material they will act upon, and 
thic means that there are almost as many enzymes as reactions that they 
catalyze. The categories of enzyme action will give an indication of 
the breadth of reactions catalyzed by the enzymes: 
Hydrolytic enzymes - cleave a specific bond by the addition of water 
Phosphorylases - cleave a specific bond by the addition of 
phosphoric acid 
Oxidation-reduction enzymes 
Transferases - catalyze group transfer reactions 
Decarboxylases - remove CO2 from carboxylic acids 
Hydrases - addition or removal of water from substrate 
Isomerases - catalyze intramolecular rearrangement 
Enzymic reactions have long been used by man, most notably in the 
fermentations to produce wine, to make cheese, to leaven bread, and to 
manufacture vinegar, and are still in use today. Fruton (l) relates 
that when the Buchner brothers showed in 1897 that a cell-free extract 
of yeast could ferment glucose, it led to the study of enzymology, 
because of the recognition that the enzymic action was purely 
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physico-chemical in nature, and devoid of any special "living quality." 
Since 1930 hundreds of enzymes have been discovered and characterized. 
Enzymes have now found wide use in industrial processing, analyti­
cal chemistry, and clinical medicine. Industrial use of enzymes has 
almost completely been with the hydrolases, such as proteases and 
amylases. Both crude and purified soluble enzymes find wide use in food 
processing, beverage production and clarification, sewage treatment, 
starch desizing of textiles, and many other fields. In essentially all 
of these cases, the enzymes are used once and discarded, since the diffi­
culty of recover" is so great 
Enzymes, like other catalysts, in most cases are expensive. 
Usually too costly for a one-use reaction process, and too unstable in 
dilute solution if they are intracellular in nature, their utility and 
applicability could be vastly improved if an economical method of 
immobilization could be found that would enhance recovery and reuse 
of the enzymes. 
During the 1960's, several developments took place which brought 
about the possibility of the economical use of pure, stable enzymes 
on a more than one-through basis. The study of enzyme engineering 
began when methods were discovered for the in vitro immobilization of 
enzymes on solid supports, improved methods were found for the purifi­
cation of enzymes, the techniques of solid phase peptide synthesis were 
discovered, and the use of improved methodology for inducing micro­
organisms to favor production of selected enzymes was begun. These devel­
opments have enabled the greatly expanded research and development efforts 
and industrial usage of enzymes in the I960's and 1970's to occur. 
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One of these developments, the immobilization of enzymes, refers to 
the modification of an enzyme to restrict its gross movement and keep it 
in a relatively defined region of space, and may be accomplished by 
trapping in a gel, encapsulation in a membrane shell, or adsorption or 
covalent bonding on a surface or solid. As techniques were developed, 
it became possible to make immobilized enzymes with high retention of 
catalytic activity, and little or no loss:of enzyme from the support 
medium. To recover the enzyme for reuse, the support material that 
contains the enzyme is recovered, a much easier and less expensive task 
than recovering the enzyme itself. 
The leading user today of enzymes in industrial catalysis is the 
starch industry. Currently, alpha- and beta-amylases and glucoamylase 
are being used in the hydrolysis of corn starch. In addition, immobilized 
glucose isomerase is being employed to convert glucose to fructose. 
Because of the nature of glucose production from starch hydrolysates, 
interest in immobilized glucoamylase has been generated. It may become 
economical to convert from a batch saccharification technique now used 
to a continuous mode of production using the immobilized enzyme. 
The advantages of the use of immobilized glucoamylase over the 
soluble enzyme are many. For the production of high glucose syrups, the 
hydrolysis using the batch process '.vith soluble enz^^'me takes a very long 
time, from 72 to 96 hours, and therefore high reactor volumes, and uses 
from ten to thirty times the theoretical amount of enzyme required 
because of enzyme deactivation during the reaction (2,3). The use of 
immobilized glucoamylase offers the capability of continuous production 
of high glucose syrup and a product free of the enzyme and other 
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contaminants, A continuous operation also offers advantages in lower 
labor costs, easier quality control (conversion depends on flow rate of 
substrate past the immobilized enzyme), and a cleaner product requiring 
less additional processing. It is also possible, because the enzyme is 
reused, to use a pure form of the enzyme, not often possible when the 
enzyme is discarded after use» Also, since the process using immobilized 
glucose isomerase to convert glucose to fructose is a continuous process, 
it would be advantageous to have glucose production on a continuous 
basis so that required tank capacity is reduced. 
Because glucoamylase is a well-known enzyme in industry, and cur­
rently in use in soluble form, a process using the immobilized enzyme 
must be compared directly with the currently employed industrial process 
in terms of economics and composition of product. If the process can 
be developed and is economical for an inexpensive enzyme like glucoamylase, 
it will open the door for the use of other more expensive enzymes that 
are much too expensive to be used in their soluble form. 
Studies (4-10) have shown that the enzymatic hydrolysis of modified 
corn starch (dextrin) to glucose is a very complex reaction. Because 
starch (and dextrin) is comprised of molecules of varying degrees of 
polymerization, the chemical kinetics for the system is grossly different 
v c 
from the simple Michaelis-Menten relationshio. - — = . that is appli-
dt 
cable to most enzyme reactions. At the high levels of conversion desired 
for glucose production (92-96% glucose) the reaction mechanism becomes 
complex due to reversion reactions (repolymerieation of glucose to form 
non-enzyme degradable polymers). 
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Many reactor schemes are possible for the utilization of immobilized 
glucoamylase on a solid support. Packed-bed reactors, fluidized beds, 
and stirred tank reactors are possible choices. Because of previous work 
with packed bed geometry reactors (2,ll), this system was chosen for this 
work. Several problems exist for any choice of reactor geometry; those 
for a packed bed reactor containing a heterogeneous catalyst are many but 
well characterized in the literature. One of the most important is pre­
diction and control of the effects of substrate diffusion to an enzyme 
attached to a porous support. Because of the diffusion into the porous 
particle, prediction of the overall reaction rate becomes complicated; 
with a reaction rate expression of the Michaelis-Menten type, it becomes 
even more complicated. Other problems may plague a packed bed reactor 
and seriously effect its operation and performance. These include 
channeling in the bed, so that only some of the catalyst comes into 
contact with substrate, plugging and high pressure drop in the reactor 
due to small size particles or particle breakage or compression, and 
microbial contamination in a system where the substrate and product are 
food materials. 
Therefore, the goals of this research effort are; 
1, To study the stability of immobilized glucoamylase under 
producti on conditions : 
2, To study the effects of the processing history of dextrin 
on the extent of hydrolysis by free and immobilized 
glucoamylase; 
3, To use laboratory data to design and operate a pilot 
scale production unit; 
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4. To iderltify and solve problems associated with continuous 
operation of an enzyme pilot plant; 
5. To study the effects of coupled diffusion resistance 
and chemical reaction in immobilized glucoamylase on 
the production rate and product yield of glucose; and 
6. To study the reversion reaction of glucose to oligo­
saccharides catalyzed by soluble and immobilized 
glucoamylase. 
7 
II. LHERATU.iE REVIEW 
A. The Specificity and Activity of Enzymes 
Enzymes are proteins, which because of their ability to recognize 
and bind other molecules, can act as catalysts to induce and govern 
chemical reactions, as well as increase reaction rates. Enzymes are 
found in living cells, free or in association with other molecules and 
membranes, and are often secreted by the cell and found extracellularly. 
An enzyme molecule consists of a long peptide chain, made up of amino 
acids arranged in a specific sequence, and formed into a three-dimen­
sional structure that is held in place by intramolecular hydrogen 
bonding, disulfide bonds, metal ions, hydrophobic and salt bonds. 
The nature of the amino acid sequence and its three-dimensional 
structure impart a specificity such that only a very few molecules 
possess the necessary shape and chemical groupings necessary to bind to 
the amino acid residues in the enzyme's "active site" or region of activ­
ity. This action has often been compared to a lock and key mechanism, 
wherein only a specific key will fit into the lock and open it. An 
example of this specificity is invertase, a hydrolytic enzyme which binds 
sucrose and hydrolyzes it to glucose and fructose, Invertase has activity 
only toward sucrose, raffinose, beta-methyl fructoside or other glyco­
sides possessing a terminal unsubstituted p-D-fiuctofuranosyl residue, 
and the binding and activity towards these alternates to sucrose is 
much less than that for sucrose (l2). 
Enzymes also show remarkable activity in addition to their specific-
is 
ity. They can provide up to 10 -fold rate enhancement over non-catalyzed 
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reactions (l3), Oa a weight basis, enzymes are often 100-1000 times 
more active than their inorganic counterparts (13). Carbonic anhydrase, 
which catalyzes the hydration of carbon dioxide to carbonic acid (14), 
is 5000 times more active than arsenite, the normal industrial catalyst 
for the reaction (l5). For a cornorehensive background on enzymes, their 
activities and specificities, a number of texts and reviews are available 
(12,16-20). 
B, Immobilization of Enzymes 
Briefly, immobilization of an enzyme involves the physical confine­
ment or localization of enzyme molecules during a continuous catalytic 
process. Enzymes were first immobilized almost 60 years ago (21) but 
the development of immobilized enzyme technology really began in the 
period 1954-1961, and began to accelerate in the 1960's. Silman and 
Katchalski (22) offer a good review of the pioneering work of the early 
investigators. 
There arc several reasons to immouillzu an enzyme (23). They may 
be summarized as follows: 
1. Multiple or repetitive use of a single batch of enzymes; 
2. Ability to stop the reaction rapidly by removing the enzyme 
from the reaction solution; 
3. Enhanced enzyme stability due to bonding by helping to 
keep the enzyme structure intact; 
4. No contamination of the process solution by the enzyme; 
5. Analytical purposes - long half-life, predictable decay rates, and 
elimination of reagent preparation, compared to soluble enzymes. 
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But perhaps the most compelling reason is economic. Pure enzymes are 
among the most expensive and difficult of materials to obtain in reason­
able quantities. Any procedure which can economically extend the useful 
life of these biologically active molecules should be considered. If 
the enzyme can in some way be immobilized without major loss of activity, 
reuse of the enzyme, plus the ability to process on a continuous basis, 
can be achieved. Additionally, control of the extent of conversion of 
substrate to product can be exercised. When soluble enzymes are employed, 
the reaction can be stopped only by inactivation of the enzyme. Immobi­
lization of the enzyme allows the flexibility to control the reaction 
by regulating the substrate flow rate or by removing the enzyme from 
the reaction solution. 
Reports on the techniques for immobilization and the supports to 
which enzymes may be found have proliferated recently in the literature, 
as can be seen in the reviews and texts published recently (23-41), 
Falb (31) gives a summary of the techniques available for enzyme immobi­
lization. They are: 
1. Govalent bonding to a solid phase; 
2. Govalent bonding to soluble polymers; 
3. Physical adsorption to a solid phase; 
4. Cross-linking at solid surfaces; 
5. Cross-linking with difunctional reagents; 
6. Gel inclusion; 
7. Encapsulation in solid or liquid membranes. 
Most techniques listed in the literature are combinations of two or more 
of the methods, but one method is usually predominant. Carriers for 
I t )  
irnmobllizoiJ iMizytriutj abound, and art; broadly classifii.'cJ a:; organic and 
inorganic. These classifications do not describe the configurations, 
structures, and alterations that may occur upon bonding of the enzymes; 
but these points will be discussed as they relate to immobilized gluco-
amylase. 
C, Glucose, Dextrin, and Starch 
Glucose is a carbohydrate containing six carbon atoms, six oxygen 
atoms, and twelve hydrogen atoms. The structure shown in Figure 1 is 
the linear structure in Fischer Projection. In solution, in a pH range 
between 4 and 8, glucose exists almost entirely in a ring structure 
called the pyranose form because of its resemblance to pyran. It is 
shown in Haworth Projection in its a and 3 forms (Fig. 1), In solution, 
the two forms will undergo mutarotation (conversion from one form to 
the other) until the 63% g - 37% a equilibrium is reached (42). 
Glucose is the most abundant natural sugar, found usually in polymeric 
form, comprising almost 60% of the carbohydrate found in nature (42). 
Starch is a homopolymer of glucose, and is found in plants in both 
a straight chain form called amylose and a branched chain polymer form 
called amylopectin. In animals the branched chain polymer is called 
qlycoqen, which differs from amylopectin by having branch points every 
8 to 10 residues compared to amylopectin's branch points every 20-30 
residues. Animals are not known to produce a straight chain form. The 
glucose in amylose is linked together in an (a-1-4) configuration 
to the next glucose. Maltose, the dimer of glucose, is shown in Haworth 
Projection in a-configuration (Fig. 1). In amylopectin branches are 
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H 
OH 
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/v^\i 
H OH H OH 
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Figure 1. Structures of glucose, maltose, and isomaltose. 
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formed when glucose is linked a-1,6 to a glucose unit of the backbone 
chain. Isomaltose, the a-1,6 isomer of maltose, illustrates the link­
age (Fig. l). It is shown in a-confiquration also, 
1 1 1  amylost!, Jcyrec of poiymr.i izuLlon, cr number ui' (jhR-.or.c 
units bound togethc-r, may roach mort) Lhan 1000. In aniylopi^ctin, it 
may reach over 100,000. Most amylopectin contains 95% a-1,4 links 
and 5% 0,-1,6 links. Starch normally contains 80% amylopectin and 20% 
amylose, although each species has a characteristic percentage of each. 
Normal corn contains the above percentage, while waxy types may be 
100% amylopectin, and high-amylose types may have up to 50% amylose (42). 
Dextrin is the name given to the partial hydrolysis product of 
starch; it consists of chains of various degrees of polymerization 
ranging from 2 up to 20-30. Dextrins are formed by hydrolysis using 
acids or a-amylase, an endo-enzyme that randomly hydrolyzes a-1,4 link­
ages, or p-amylase, an exo-enzyme that releases maltose from the non-
reducing end of a starch chain. Neitlier enzyme attacks the a-1,6 
1 4 y» ""x ^ 
D. Glucoamylase 
Glucoamylase (a-l->4-glucan glucohydrolase, E.G. 3.2.1.3) also called 
amyloglucosidase or y-amylase, is an exo-enzyme that attacks the sub­
strate molecule in a single attack mechanism from the non-reducing end 
(43). It cleaves only the terminal glucosidic linkage, producing glucose 
and the next lower homologue of the substrate. Glucoamylase hydrolyzes 
the l-»4 linkages very rapidly, but also slowly attacks l-»6 and l-'3 
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linkages (6). Fleming (44) showed that the rate of hydrolysis of short 
chain dextrins increases with the molecular weight of the substrate, 
and Abdullah et al. (9) showed the relative rates of Gg, Gg, G^, and 
Gg hydrolysis to be 100, 360, 770, and 1000 respectively for the 
glucoamylase from Aspergillus niaer. 
Glucoamylase is an extracellular enzyme, being secreted by the cell, 
and is produced by several fungi. For commercial purposes A. niaer. 
A. orvzae, and Rhizopus delemar predominate. According to Pazur and 
Kleppe (8), the glucoamylase from A. niger has a molecular weight of 
97,000 and consists of a single polypeptide chain. 
Marsh (ll) studied the kinetics of glucoamylase from A. niger and 
found an activity peak at pH 5,0 and 55°C. For maltose hydrolysis, he 
found a and V^ax (constants in the Michaelis-Nlenten equation) of 
4.5 X 10"^ M and 3.58 mg/min/mg enzyme, respectively, at 50°C and pH 
4.7. The values of K for amylose and amylopectin are given as 3.84 
X 10"® M and 4.90 x 10"^ M respectively, and for maltose, maltotriose, 
and maltopentaose, 1.1b x 10 ~ M, 2.02 x 10 " M, and 1.17 x 10"' M 
respectively by Gno c-t al. (45) for a glucoamylase from R. delemar 
at 15°C and pll 5.15. 
E. Glucoamylase in the Starch Industry 
Glucoamylase lias been known and used for many years in the proc­
essing of starch to glucose by the corn wet milling industry in the 
U.S. and the starch industry in otiier countries. A patent was issued 
in 1940 (5) for use of a fungal glucoamylase to raise tlie glucose con­
tent of an acid-hydrolyzed dextrin. In the early 1950's, a number 
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of patents were issued for the production of a high glucose syrup using 
various fungal glucoamylase preparations. The commercial use of 
glucoamylase was begun in the late 1950's, and the U.S. industry was 
virtually converted to glucoamylase by the middle I960's (3). 
The process consists of using either an acid- or a-amylase-hydrolyzed 
dextrin of 10-30 DE and adding soluble fungal glucoamylase in an amount 
tliat will convert the dextrin to glucose in 72-96 hr at 60°C. This 
results in the production of 93-98 DE glucose syrups (3). Used in this 
manner, the glucoamylase is deactivated after reaction completion and 
cannot be reused. 
While glucoamylase is a fairly inexpensive enzyme, it might be possible 
that by using an immobilized form of the enzyme, processing costs could 
be saved. An immobilized glucoamlyase could be used to treat dextrin 
in a continuous manner to produce glucose. This would allow reuse of 
the enzyme, saving enzyme costs, and by making tlie process continuous, 
contribute to a more uniform and cleaner product. Because glucoamylase 
is a stable and durable cnzvine under moueiatt; cuuùitions, it is an ideal 
enzyme for immobilization. Indeed, it is one of the enzymes tested most 
often when a new support or immobilization method is tried. 
F. Immobilization of Glucoamylase 
Glucoamylase was one of the first enzymes to be immobilized, and 
since has been immobilized in many different ways and on a variety of 
supports. Usami and Taketomi (46) studied adsorbed glucoamylase on acid 
clay, activated charcoal, Dowex 1-X4, Amberlite CG-50, alumina, silica 
gel, calcium phosphate gel, and diatomaceous earth. The first four 
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supports gave good adsorption, but a 2^ starch solution eluted the 
enzyme. 
Usami et al. (47) studied the adsorption of glucoamylase by acti­
vated clay. The adsorbed enzyme showed a lower activity and lower 
temperature and pH stability than the free enzyme. Kimura et al. (48) 
adsorbed glucoamylase on activated charcoal and acid clay. The enzyme 
was elutable, the increased, and the ^ ^nax decreased for the complex 
compared to the free enzyme. Usami and Shirasaki (49) studied gluco­
amylase adsorbed by diatomaceous earth, activated charcoal, and acid 
clay, reporting in all cases loss of enzyme by elution. Again, the 
increased and the decreased compared to the free enzyme. Usami 
et al. (50) reported the use of an activated carbon-glucoamylase com­
plex to treat a 0.5-5.0% starch solution in an upflow packed bed. 
The complex retained about 80% activity after 8 hours at 40°C. Usami 
and Inoue (51) showed that an acid clay or activated charcoal-glucoamylase 
complex retained about 30-40% activity upon immobilization, while the 
pH and thermal stability decreased compared to the soluble enzyme, ihey 
also achieved a 10 to 60% conversion of 0.5-5.0% starch solution at 
40°C in a column reactor. Under these conditions, the integrated form of 
the Michaelis-Menten equation applied to the adsorbed enzyme behavior. 
Miyamoto et al. (52,53) studied adsorption on Amberlite CG-50, 
and found that 65 mg of enzyme per gram of carrier was bound with 
45% retention of initial activity after adsorption. They also found 
that changing the carrier particle size affected the apparent activity 
and kinetic constants of the enzyme. In addition, the apparent activa­
tion energy decreased as particle size increased. The experimental 
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activation energies were 10,1 kcal/mol for the free enzyme and 9.3, 9.1, 
and 7.7 kcal/mol for the adsorbed enzyme as the particle size increased 
from 400-600 to 200-400 to 100-200 mesh particles. They also studied the 
effects of substrate concentration on catalytic activity and predicted 
the effects of particle size variation by effectiveness factor calcu­
lations (53). 
Ionic binding of glucoamylase to a carrier, usually DEAE-cellulose, 
has been reported by Bachler et al. (54a), Smiley (54b) and Emery et al. 
(55). They found that little or no enzyme was lost from the carrier by 
elution. Bachler et al. (54a) coupled glucoamylase to DEAE-cellulose 
with 16-55% retention of activity. The bound enzyme had a narrow pH 
optimum centered at 4.0 and a lower optimum temperature, 40-50°C, compared 
to 60°C for the free enzyme. They successfully operated a column for three 
weeks on a a-amylase treated and clarified dextrin. Smiley (54b) used a 
glucoamylase from A. awamori (NRRL 3112) and found that a continuous 
feed to an immobilized enzyme column of 15 DE maltodextrins at 5% solids 
gave the identical conversion that was obtained with the free enzyme. 
A 30% solids solution, however, gave a conversion 5% lower than the 
free enzyme. In addition, isomaltose was found as a reaction product 
in all cases, Emery et al. (55) used maltose as a substrate at con­
centrations up to 144 g/liter for continuous hydrolysis by glucoamylase 
bound to DEAE-cellulose paper and dialysis tubing in an annular cross 
section reactor. They found good enzyme stability, and achieved an 
enzyme loading of 0.50 g per gram of paper at about 50% retention of 
activity. 
In a variation, Solomon and Levin (56) reacted glucoamylase with 
a copolymer of ethylene-maleic acid or styrene-maleic acid to form a 
highly charged conjugate for adsorption onto DEAE-cellulose. This 
system was used to treat a dextrin solution and achieved higher tem­
perature stability and the same conversion as free glucoamylase in a 
stirred cell reactor. Park and Lima (57) bound glucoamylase from 
A. niqer to Amberlite IR-45 (OH) 14-52 mesh beads by ionic bonds. 
They used a 20% solids 10 DE cassava starch dextrin and a 20% solids 
25 DE Staley dextrin to continuously feed a column containing the 
immobilized enzyme at pH 5,0 and 45^C. Conversions were low: the 
cassava dextrin was hydrolyzed from 10 DE to 46 DE and the Staley 
dextrin from 20 to 63 DE, After 15 days, 28% of the enzyme activity 
was lost. Park (58) also reported that the enzyme activity could be 
liberated by increasing the acetate buffer concentration to greater 
than 0,3 M, The bound enzyme was less thermally stable than the 
free enzyme, 
Fukui and Nakagawa (by) bound a glucoamylase from tindomvces sp, 
IFO 0111 to carboxymethyl cellulose and hydroxylapatite. The CM-
cellulose-glucoamylase complex showed a 2.5% drop in activity com­
pared to the soluble enzyme. The enzyme was liberated a pH 6,0, and 
bound at pH 4.0. On hydroxylapatite, 10% amylase and 45% maltase 
activity remained after binding, and the for starch and maltose 
increased while the decreased compared to the soluble enzyme. 
Gembicka et al. (60) showed only 8% loss of activity on complexing 
glucoamylase with DEAE-cellulose. When they operated a continuous 
reactor (61) they achieved a conversion to 92% glucose. The complex 
also remained stable and active after seven days'continuous use. 
Oreshkin et al. (62) also immobilized glucoamylase by adsorption at 
5°C on DEAE-cellulose with a maximum activity at an adsorption pH of 
6.5 for 15 minutes. Increased ionic strength reduced activity of 
the complex. Monosov et al. (63) studied the localization of 
glucoamylase on DEAE-cellulose and found that 150-400 Â electrically 
dense zones are evenly distributed about the surface of the polymer 
structure. They suggest that active centers on the surface, bearing 
a noncompensated charge play a basic role in enzyme sorption. 
Glucoamylase has been bound to DEAE-Sephadex (64) with the 
general properties of soluble and immobilized enzyme almost identical, 
except the Michaelis constant increased from .0057% to .023% for 
soluble starch. Up to 50,000 units of enzyme activity were bound per 
gram of carrier. The complex was active after 10 runs at 55°C in which 
37% of its activity was lost. Li et al. (65) complexed glucoamylase with 
ABSE-cellulose (p-aminobenzenesulfonylethyl cellulose) and bound 10,000 
units of activity per gram of carrier with up to 43.9% of the soluble 
enzyme activity. The highest activity was at 65-70^0 and pH 4.5. A 
column reactor operated for 325 hours on 31-34% starch solution at 
d5°C at 25.4 ml/hr yielded a glucose concentration of 93.9% after 
218 hours. The column also retained 74.9% of the original activity 
after 325 hours. Caldwell et al. (66) reversibly bound glucoamylase 
from A. niqer to hexyl-substituted epichlorohydrin-crosslinked 
Sepharose 6B, The complex sustained 36-41% of the original activity 
after 5 days. Caldwell et al. (67) achieved a loading of 17 mg 
enzyme per gram of conjugate. Full activity was achieved at low loading 
but the activity dropped to 68% at full loading. They found a lower 
thermal stability than the free enzymi-, which was enhanced by substrate 
protection. They also determined that product inhibition was important 
and found an inhibition constant (Kj) of 5 X 10"®M. 
Several authors report impressive results for immobilization of 
glucoamylase by ultrafiltration membranes (68-73). Wang and Humphrey 
(68) and Butterworth et al. (69) used a reactor that produced 100% 
glucose from an 8% or 9% solids starch solution at 40°C with a 1,83 
mg/ml enzyme concentration on an Amicon PM-10 membrane. Stavenger 
(70) used a cell with a UM-2 membrane to achieve a 97.5 DE from 10% 
solids a-amylase liquefied dextrin at 40°C at a 10% enzyme concentra­
tion, Marshall and Whelan (7l), Morrison (72), and Closset et al. (73) all 
report similar results, showing that after an initial period of 
enzyme loss, no enzyme leaves the cell. Good retention of activity 
by the enzyme is observed over a several day period. 
Several investigations have been made into the use of gels to 
entrap glucoamylase, and methods of producing the gels to improve 
activity retention and enzyme stability. Gruesbeck (74) and Gruesbeck 
and Rase (75) studied glucoamylase from A. niqer prepared by entrap­
ment in the lattice of cross-linked polyacrylamide gel. Better thermal 
stability than the free enzyme was achieved, and no pH-activity shift 
was observed. They compared the free and immobilized enzyme on 35% 
solids Maltrin-20 at pH 4.3, and also studied the substrate size 
selectivity of the immobilized enzyme. Beck and Rase (76) used a polymer 
matrix for encapsulating the enzyme, and retained full enz"/me activity 
after immobilization. The microenvironment of the enzyme was controlliîd 
to decrease pH sensitivity. 
Maeda et al. (77,78) and Maeda and Yamauchi (79) prepared immobilized 
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glucoamylase by y - x a y  irradiation of an enzyme-acrylamide monomer mixture 
using more than 2 Mrad of y-rays. About 40% retention of activity was 
retained after immobilization. The immobilized enzyme was tested in 
a column on a 0.028 M maltose solution for 14 days of continuous operation 
and achieved a 60% conversion at 40°C. They also prepared entrapped 
glucoamylase by mixing the enzyme and vinyl alcohol in an ampoule sealed 
in nitrogen followed by irradiation with 1.2 Mroentgen/min in an elec­
tron beam. The activity loss was 51%, no enzyme leakage was noted, 
and 7.01 mg enzyme was trapped per g gel. 
Walton and Eastman (80) bound a-amylase and glucoamylase separately 
by photopolymerizing acrylamide, crosslinking monomer, enzyme-reactive 
monomer, oxygen scavenger, and amylase. The entrapped enzymes were 
packed in columns and used to treat a 28 DE corn syrup which was con­
verted to 90-94% glucose. The syrup first passed through an a-amylase 
column which converted the dextrin to 68 DE and then through the gluco­
amylase column to 94% glucose. The gel structure tended to collapse 
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also lost by heat denaturation. 
Hainsher (81) produced a stable entrapped glucoamylase with high 
activity retention which could be used in slurry or suspension form or 
packed in columns. The preparation involved reacting a monomer with 
an ethylenic double bond which contained a reactive group with an enzyme 
to produce a derivatized enzyme. This was reacted in the presence of a 
crosslinking agent and a primary agent to produce the gel. Harvey 
and Ladenburg (82) immobilized glucoamylase by wetting a nylon carrier 
having the form of a spongy floe with an aqueous solution of the enzyme. 
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This was reacted with a film-forming rosin containing active enzyme 
that polymerized to a water insoluble state. Glucose syrups of 
92-9^ were produced. 
Maeda et al. (83,84) and Suzuki et al. (85) used x-ray irradiation 
to produce gels containing glucoamylase. One preparation used N-vinyl 
pyrrolidone monomer and glucoamylase under 2.9 Mrad x-rays. Activity 
loss was 55%, while temperature and pH optimum curves and heat stability 
were inferior to the free enzyme. Reaction rate was almost three times 
slower than the free enzyme. A second preparation involved using 2-hydroxy-
ethyl acrylate and dimethylacrylamide plus enzyme under 2.0 Mrad x-rays. 
The gel had very high activity, no enzyme leakage, and 53% activity 
retention. The glucoamylase bound was 1.13 mg per gram of gel. Kawashima 
and Umeda (86,87) immobilized glucoamylase by radiopolymerization of 
acrylamide at -70°C with the addition of enzyme and soluble starch. 
Glucoamylase retained from 7 to 70% activity upon immobilization, depend­
ing on the copolymer used. 
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of glucoamylase entrapped by wet spinning of an emulsion obtained by 
mixing aqueous enzyme and cellulose triacetate solution. They reported 
that this method resulted in up to 95-98/0 retention of activity upon 
immobilization and remained stable for up to 120 days at 45°C with a 
20-40% potato starch solution in a continuous reactor. This method 
also resulted in freedom from microbial attack. Solomon and Levin (90) 
crosslinked glucoamylase and gelatin or inert protein with glutaraldehyde, 
and bentonite or other fillers were added to give better mechanical prop­
erties. This method resulted in high glucoamylase activity. Jaworek (91) 
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reported on copolymorizaticr. of the glucoamylase with acrylamide polymers 
and also entrapped in a crosslinked polyacrylamide matrix. He found that 
the copolymerized enzyme had significantly higher activity (six-fold) 
than the entrapped enzyme. Gregoriadis et al. (92) immobilized A. 
niqer glucoamylase by entrapment in liposomes formed in the presence 
of the enzyme. Activity could only be detected after treating the 
liposomes with Triton X-100. Centrifugation at 100,000 x g did not 
affect the integrity of the liposomes. 
Efforts have been made to covalently bind the glucoamylase to 
several organic supports. Barker et al. (93) coupled glucoamylase 
with a diazotized 3-(p-aminophenoxy)-2-hydroxypropylether of 
cellulose. They reported that the immobilized enzyme was more 
heat stable than the free enzyme, and had a retention of 6% activity 
after immobilization. Wilson.and Lilly (94-f35) bound glucoamylase to 
DEAE cellulose using 2-amino-4,6-dichloro-s-triazine, They 
operated a packed bed reactor at 25-45°C with 40-55% acid hydrolyzed 
dextrin of 50-55 DE, and encountered problems of carrier poisoning 
and microbial growth. 
O'Neill et al. (96) bound glucoamylase to DEAE-cellulose with 
2-amino-4,6-dichloro-s-triazine and operated fixed bed and stirred 
tank reactors. They observed mass transfer limitations in the 
fixed bed reactor, and also noted a change in kinetic parameters, 
pH profile, and temperature stability. At 50°C, the immobilized 
enzyme was more stable than the free enzyme. Barker et al, (97) 
immobilized glucoamylase on cellulose, nylon, and glass with titanium 
salts with 45-75% retention of initial activity. They operated a 
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fluidized bed for 7 days at 50°C using 5% solids, and 35 DE converted 
dextrin to a 90 DE syrup. Maeda and Suzuki (98-100) bound glucoamylaso 
to CM-cellulose azide, pretreated halogenacetyl cellulose, and cyanogen 
bromide activated cellulose from ground cotton linter pulp. The bound 
activity was 80-90% for CM-cellulose and halogenacetyl cellulose and 
51% for cotton linter pulp. On CM-cellulose, the enzyme was less 
stable to heat than the free enzyme, and the activity was dependent 
on surface structure of the cellulose for cotton linter pulp. Maeda 
et al. (lOl) , using a glucoamylase from Rhizopus delmmar bound to CM-
cellulose-azide,operated a column containing the immobilized enzyme. 
The substrate was 35% soluble starch and was fed continuously with 
98% starch decomposition. After 28 days' operation at 400C; 78% of the 
initial activity remained, while only 33% remained after operation at 
500C. 
Emery et al. (l02) used glucoamylase from A. niqer for attachment 
to microcrystalline cellulose with titanium salts as linkages. They 
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the original activity. The complex was stable and thermal deactiva­
tion studies showed 12% activity left after one day at 60°C and 40% 
activity at 50°C after 25 days. A continuous fluidized bed was operated 
at 50°C using 5% soluble starch feed and showed no decrease in activity 
after nine days. Gray et al. (103) used m-diaminobenzene to couple 
glucoamylase to microcrystalline cellulose. They reported 10 mg 
enzyme bound per gram carrier and 16% of the original activity after 
immobilization. 
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Christison (104) prepared immobilized glucoamylase from A. niger 
on CMC-cellulose-hydrazide. He first oxidized the carbohydrate moiety 
of the enzyme with periodate in acetate buffer and then bound the 
oxyg lu COamylase to the carrier. Under continuous flow conditions in a 
1 cm by 4,7 cm column, the CMC-oxyglucoamylase had a 45% conversion 
compared to the CMC-glucoamylase at 3,6% conversion, ysiiig a 1% soluble 
starch solution. Kucera and Hanus (105) and, Kuîera (106j)' bound gluco­
amylase using CMC of high hydration degree converted to the azide form. 
After binding, the complex was treated with formaldehyde to seal it, 
resulting in good mechanical properties. They obtained a yield of 30 mg 
enzyme bound per gram of carrier at 40.6-47.5% activity. The pH optimum 
was shifted 1.1 unit to alkaline compared to soluble enzyme. The 
immobilized glucoamylase and soluble enzyme were both used in a con­
tinuous stirred tank reactor to hydrolyze soluble starch at 60°C, The 
reaction differences were ascribed to diffusion effects in the CM-
cellulose bound enzyme. The reaction rate for D.P. greater than 8 
decreased for immobilized glucoamylase. 
Gestrelius et al. (107) used cyanogen bromide to attach glucoamylase 
and glucose oxidase together to Sepharose. They found no change in the 
separate pH optima of either enzyme, but the pH optimum of the system 
was displaced 0,75 pH units to alkaline compared to the free enzyme and was 
dependent on the ratio of bound enzyme activity. Kennedy and Epton (108), 
using titanous and titanic complexes, bound glucoamylase to poly(N-acryloyl-
-4- and -5-aminosalicylic acids). The resulting complex, formed in a 
one hour reaction, withstood extensive washing and had a very high 
specific activity towards soluble starch. Inman and Hornby (109) 
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immobilized glucoamylase on the inside of a nylon 6 tube pretreatad 
with 18.6% (w/v) CaClg in 18.6% (w/v) water in methanol followed by 
3.65 M HCl at 45°C or Iii,N'-dimethyl-l,3-propanediamine, The enzyme was 
linked using 12.5% (y;/v) glutaraldehyde in O.I'M sodium borate buffer. 
The system, employed to assay maltose, was stable for over 30 days at 
37°C. 
Stanley and Olson (llO) used glutaraldehyde to bind glucoamylase to 
phenol-formaldehyde resin with retention of activity, Ledingham and 
Ferreira (ill) employed diazotized polystyrene solid beads as a support for 
glucoamylase. They reported 2.37% retained activity. They tested very 
dilute soluble starch (0.05, 0.1, and 0.5%) and showed that glucoamylase 
when immobilized had a greater degree of multiple action than the free 
enzyme. Baum (112) showed that macroreticular polystyrene beads 
coul'j be used as supports' for covalent binding of glucoamylase with 
carrier-enzyme properties similar to supports such as porous glass and 
porous ceramics. 
Krasnobajew and Boeniger (113) immobilized glucoamylase on a 
diazotized glutaraldehyde-phenylenediamine copolymer with a 
high protein binding capacity. The complex showed a maximum activity 
at 55°C and a lower specific activity than the soluble enzyme. The 
activity was inhibited by soluble starch concentrations greater than 
30% and pH values greater than 4.5. Chen and Tsao (114,115) have 
made porous cellulose beads with 75-80% porosity and 1000 A diameter 
pores for use as an enzyme carrier. The glucoamylase was bound using 
tolylene-2,4-diisocyanate and could be loaded to 22 mg enzyme per gram 
of beads. Loaded beads with 2000 enzyme units per gram were used to 
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treat a 10 DE soluble starch at 30% concentration and 55°C, Thermal 
stability was reported as a 70 hr half-life at 60°C, 130 hr at 55®C 
and extrapolated to 2800 hr at 45°C. 
Brillouet et al. (116,117) have used chemically activated 
collagen as a support fox glucoamylase from Rhizopua sp. The 
optimum pH, temperature, activation energy, and the for maltose 
were unchanged from %% soluble enzyme. The heat stability y/as 
increased, and the for soluble starch was five timeè higher. The 
collagen sheets with the glucoamylase attached were rolled into a helicoid 
shape for use in a reactor. The result was a high enzymatic surface for 
a small reaction volume and the absence of strong diffusional limita­
tions for maltose; however, strong diffusional limitations remained for 
soluble starch. The collagen-enzyme retained 100% activity after 18 
days at 40°C and 80% activity after 17 months storage at 4°C. Roth 
et al. (118) bound glucoamylase to carboxymethyl cellulose azide and 
CM-cellulose hydrazide resulting in 1-4.5 mg of enzyme attached per 
gram of matrix at 46% relative activity. Activity was lost continuously 
at 55°C working temperature, but none at 25°C. 
Hough and Lyons (ll9) attached glucoamylase to the cell walls of 
brewers' yeast. Bacillus subtilis. and E. coli using titanium salts for 
linkage. They report glucoamylase activity where, prior to binding the 
enzyme, the cells had none. Kraemer et al.(120.121) report 100% reten­
tion of activity upon binding glucoamylase with methyl formamide to 
gel beads obtained by copolymerization of methacrylic acid anhydride 
with acrylamide and a crosslinking agent. They found that up to 50% 
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by weight of enzyme could be bound to the gel beads with no loss of 
activity. 
Inorganic materials such as porous glass, porous silica, titanium 
oxide, silica, zirconium oxide, and alumina have been used as supports 
for enzyme immobilization. Porous glass has been used by Weetall and 
Havewala (2), Marsh (ll), and Marsh et al. (l22) for glucoamylase 
immobilization via glutaraluyhyde or diazo linkages. They all found 
enhanced enzyme temperature stability over the free enzyme and slightly 
modified pH activity curves. One problem encountered with the porous 
glass carriers was dissolution of the carrier over long periods of 
time. Up to 10% by weight protein can be bound with over 50% retention 
of enzyme activity. Fleiwning et al. (123) used y-isothiocyanatopropyl-
diethoxysilyl controlled pore glass of 200 A pore diameter. They 
achieved an enzyme loading of 10 mg/g carrier at 68% retained activity. 
Several ceramic materials have been used as supports for glucoamylase 
binding. Among those tested by Weetall et al. (124) were 
titanium oxide, porous silica, zirconium oxide-magnesium oxide, and 
zirconium-coated porous glass. The characteristics of these materials 
with bound glucoamylase were similar but vary with respect to thermal 
stability, pH stability of the carrier, retained enzyme activity, and 
enzyme loading capacity. Hasselberger et al. (l25) bound glucoamylase 
to fine stainless steel particles for use in fluid bed reactors. The 
stainless steel was activated by coating with titanium oxide and heated. 
The enzyme was then contacted and bound. The catalyst could be regenerated 
by heating to 538°C, cooling and recontacting with new enzyme. Solomon 
and Levin (126) and Katchalski et al.(127) bound glucoamylase on an 
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activated alumina carrier and molecular sieve 4A. The immobilization 
takes place by absorbing a dye and the enzyme on the carrier at a pH 
less than 7, They report binding from 80 to 100% of the enzyme offered. 
The molecular sieve had a 10-12 working cycle stability, while the 
alumina varied from ^-8 working cycles. 
Kvesitadze et al. (128,129) immobilized glucoamylase to y-amino-
propyl triethoxysilane treated silica gel using glutaraldehyde. The 
immobilized glucoamylase (A. niger) had a pH optimum of 6.0 versus 
the soluble enzyme at pH 4»7, They also used the glutaraldehyde, carbs-
diimide, and diazo methods to link glucoamylase from A. niaer and 
A. awamori to glass beads and Silochrome. The pH optimum shifted from 
4.7 for the soluble to 6.0 for the immobilized enzyme. Kvesitadze et al. 
(130), again using A. niaer and A. awamori glucoamylases, bound the 
enzyme to silicate carriers using glutaraldehyde, carbodiimide. diazo 
coupling, and complex formation with TiClg and TiCl^. The titanium 
salt complex had a higher specific activity and stability was enhanced. 
The optimum pH was shifted toward the alkaline reylun arid uht; complex 
had higher resistance to proteolysis. Lai and Hsu (l3l) coupled a 
glucoamylase from R. formosaensis to porous diazotized silica glass 
beads. The enz'^'me was âoaded at 41 mg per g of carrier at an apparent 
81% specific activity compared to the soluble enzyme. The pH and tem­
perature optima were 4,8 and 55°C respectively, 
Nakhapetyan et al. (132,133) immobilized glucoamylase to porous 
glass containing macropores of 250-1750 A diameter with a specific 
surface area of 10"100 m^/g or to Silochrome S-80 using glutaraldehyde 
or diazo linkages. The glass and Silochrome were pretreated with 
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Y-aminopropyltriethoxysilane. The diazo linkage proved to provide a 
more active complex. The porous glass with large pore size showed 100% 
relative activity while the small pore size glass showed 50% relative 
activity compared to the soluble enzyme, Nakhapetyan and Menyailova (134) 
bound glucoamylase from Endomvcopsis to Silochrome with glutaraldehyde and 
used the complex to hydrolyze starch. They found a decrease in the reaction 
rate as starch concentration increased,significantly. The bound enzyme was 
also much more thermally stable than the soluble enzyme. 
Johnson and Costelloe (135) and Flynn and Johnson (l36) immobilized 
glucoamylase from A. niger to hornblende using titanium salts. The 
bound complex had a 0.97 and 0.40 units activity per gram using 45-61 [am 
and 61-125 (im particles, respectively. The bound enzyme lost 45% activity 
in 16 hr at 50°C compared to 65% loss for the free enzyme. Using a 
partially purified preparation of glucoamylase resulted in a four-fold 
activity increase. The enzyme was also bound to Enzacryl-TlO,and this 
complex was shown to be more active but less thermally stable than the 
hornblende complex. Both complexes were less stable than the soluble 
enzyme. Gray and Livingstone (137) used Celite as an enzyme support 
and bound glucoamylase using m-diaminobenzene as a linking agent, and 
annealed with p-naphthol. The resultant conjugate had an activity of 
34.6 units per gram. The pH-activity profile was virtually unchanged. 
The conjugate was placed in a column 2.5 cm diameter and 36 cm long and 
fed u 2% (w/v) maltose solution at pH 4.5 for 75 hr. The column was 
operated at 22.6°C and 1.33 ml/min and achieved a conversion of 60 to 
70% of the maltose. The activity decreased from 0.58 to 0.12('"^ conversion\ 
^contact time' 
during 75 hours of use. 
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Among the advantages of the inorganic supports, especially the 
porous glass and ceramic carriers, are their dimensional stability, 
good mechanical strength, thermal and chemical stability, and freedom 
from microbial attack. It has been reported (2) that the Corning 
porous glass carriers lost activity during use, and one possible reason 
was dissolution of the glass. This was solved by coating the glass 
with zirconium. Also, Weetall et al. (l38) investigated the possibility 
that shear forces were breaking the covalent bonds between the enzyme 
and carrier, but found that this could not be the case. The possible 
mechanisms left for enzyme activity loss are therefore a pOisoping 
of the enzyme and denaturation of the enzyme (pH or thermal). 
Glucoamylase may be attached to the ceramics and glass by the same 
procedure of Messing and Weetall (139). In general, a bifunctional 
reagent such as glutaraldehyde is reacted with alkylamine glass or 
ceramic^ which is produced by the reaction of a 10% aqueous solution of 
y-aminopropyltriethoxysilane and the support. The enzyme, through one 
or several pendant amino groups, binds uu Llie oLner end of Lhy yluLaralde-
hyde. The reactions are very mild and very easy to scale up. Figure 2 
shows the reactions that bind the enzyme. It has been generally assumed 
that the glutaraldehyde binds by a Shiff-base formation, but that has 
been questioned (140-142). One theory (l40) proposes that the enzyme 
is bound by conjugation of an enzyme amine to the ethylenic double 
bond of an a, ^ -unsaturated carbonyl to give an alkylamino derivative. 
Another theory (l42) proposed that unsaturated oligimers of 
glutaraldehyde react with an enzyme amine through the aldehyde function, • 
and through addition, to the ethylene double bond adjacent. See Figures 3-4, 
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Figure 2. Enzyme immobilization to porous silica or glass: 
silanization, linking, and activation. 
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Figure 4. Combinations of Figure 2 with Figure 3 - Possible enzyme 
immobilization reactions. 
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G. Immobilized Enzyme Reactors 
Several reactor schemes have been employed to utilize immobilized 
glucoamylase, in large part depending on the support material and 
immobilization method used. When ion-exchange resins, porous glass 
or ceramics, gels and matrices in bead form, and other organic and 
inorganic particles are used, the choice of reactor is usually a packed 
or fluidized bed or a continuous stirred tank. Zaborsky (30), Vieth 
and Venkatasubramanian (143,144) and Lilly and Dunnill (145) gave 
excellent discussions of the reactors employed for immobilized enzymes. 
Wilson and Lilly (94-95):. Bachler et al. (54el), Weetall and Hayewala (2), 
Walton and Eastman (80), Park and Lima (57), and Marsh (ll) have used 
packed column reactors for treating maltose and dextrins. Smiley (54b) 
employed a continuous stirred- tank reactor (CSTR) to treat 30% starch 
solutions with glucoamylase on DEAE-cellulose at 55°C. Ku5era (106) 
also used a CSTR and compared the action of soluble glucoamylase and 
CM-cellulose bound glucoamylase. Solomon and Levin (56) and Kraemer 
et al. (I2l) used a batch reactor containing glucoamylase adsorbed on 
DEAE-cellulose resins, and dimethylformamidè bound glucoamylase on 
acrylic resin gel beads, respectively to hydrolyze dextrins. Barker 
et al. (93), using diazo bound glucoamylase on cellulose beads, operated 
a fluidized bed reactor using a 1% maltose solution. Emery et ai. (ou) 
operated an annular flow column reactor formed by rolled sheets of 
DEAE-cellulose and screening paper. Corno et al. (88) and Dinelli and 
Morisi (89) ran batch and continuous column reactors utilizing enzyme 
entrapped by wet spinning of an enzyme-cellulose triacetate solution. 
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For a fixed bed reactor, the support particles must meet certain 
requirements. The particles cannot be too small or plugging and exces­
sive pressure drop become problems. The particles should have dimen­
sional stability and good mechanical strength to avoid shape change 
and fracture upon placement and operation in a column reactor. They 
should be chemically and thermally stable and be resistant to micro­
bial attack. The porous ceramics meet these requirements, and allow 
a large internal surface area for enzyme attachment. These factors 
allow a reasonably sized packed column with good flow characteristics, 
prospects for a long operating life, and should the enzyme become 
inactive, it can be burned off and new enzyme bound. 
Ultrafiltration cells have been used as continuous reactors for 
dextrin treatment (68-73). They are simple reactors to operate because 
no modification of the enzyme is usually required. The enzyme is simply 
kept in place in the reactor by a semipermeable membrane. This reactor 
type is also good for very high molecular weight substrates. Product 
distribution can be controlled and several enzymes can siiiiulLaneoubly 
be irnmobilized in the reactor. Generally, the disadvantages are possible 
shear inactivation of the enzyme by the agitation, adsorption on the 
membrane, and the possibility of enzyme leakage. Also, the equipment 
limitations in pressure and filter selection can make scale-up expensive 
(30). 
When using an immobilized enzyme in an application involving food 
or food products, certain criteria must be met. Harper et al. (146) 
details the economic considerations as: 
1. The enzyme-treated product must be marketable in its final form. 
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2. The process must be competitive economically with alternative 
processes, 
3. The process must not require any major additional capital 
investment in auxiliary equipment or require additional pro­
cessing to facilitate the application of the immobilized 
enzyme. 
In addition, the materials and processing methods must meet the standards 
of regulatory agencies, such as the Food and Drug Administration. 
Problems that may be encountered in an immobilized enzyme reactor 
in the food processing industry concern mainly microbial contamination 
of the reactor and product. Most enzyme reactors, if long enzyme 
life is desired, operate in the temperature region ideal for the 
growth of microflora, and some scheme must be employed to keep sterile 
conditions in the reactor. If it should be contaminated, a method 
not injurious to the enzyme must be found to resterilize it. Marsh 
(ll) and several other authors note that eventual plugging of packed 
columns of liwiiùbilizeu enzyme occurs v.-hcn the column becomes contaminated. 
If an organic support for the enzyme is used, it may be subject to attack 
by the microbial grov/th (147), 
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III. THEORY 
A. Enzyme Kinetics 
The kinetic expressions for enzyme action vary from the straight­
forward, simple enzymatic reaction expression derived by Michaelis and 
Menten to complicated expressions for substrate, product and inhibitor 
inhibition and multi-substrate and reversible reactions. Michaelis 
and Menten (148) derived their expression for the simple reaction 
where E = enzyme 
S = substrate 
ES = enzyme-substrate complex 
P = product 
kpj = rate constants 
wil'n c'ne dyyUniyulonS Llicil» 
1. The enzyme and substrate reversibly combine to form the enzyme-
substrate complex. 
2. Initial rates are observed. 
3. A steady-state condition exists with respect to ES. 
and found the relationship 
E + S ^  ES 
^2 
— E + P (3.1) 
(3.2) 
where v = observed reaction rate 
Vmax - maximum reaction rate = kg 
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K 
ki 
= total enzyme concentration 
S = substrate concentration. 
For the more complicated cases of a reversible enzyme reaction 
and a reversible reaction producing two moles of product for one mole 
of substrate, similar relationships can be found. For a reversible 
reaction, such as that catalyzed by mutarotase or glucose isomerase: 
kg 
E + Sïi ES # E + P (3.3) 
kg 
the Michaelis-Menten equation becomes: 
V S V f_ 
max f K " ["ax r Kp 
Vnet = i p (3-4) 
^max [ = ks and , = k; (!«)• 
For the reversible reaction producing two moles of product for each mole 
of substrate, such as the hydrolysis of maltose by glucoamylase, 
kj_ kg kg 
E + S # ES # EQ + P Q+E (3.5) 
kg k* ke 
the equation becomes (149): 
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(s - P • Q • K,,) 
" S + K + Kl • P + Kj • q + Kj • S • P + K, • P • Q 
K = ksfks + kg) 
"1 ki (kg + kg) 
Y - kgkg Et 
kg + kg 
ksk s '^4 Kl = — -
kl(kg + kg) 
K = (^2 + kg) kg 
(kg + kg) ki 
K.= 
= 
(kg + kg) 
^4 ^6 
kiCkg + kg) 
Several methods have been devised to determine the mechanism of 
an enzyme's action on its substrate. Initial rate kinetics is one of 
the easiest and most widely used of the methods, and allows both the 
study of the enzyme mechanism and the determination of the kinetic 
parameters. Initial rate kinetics offers advantages over other methods, 
such as relaxation and temperature-jump and stop-flow kinetics: 
1. It is a very simple technique, 
2. A pure enzyme is not needed. 
3. Only very small enzyme quantities are needed. 
but only information on the reaction of E + S is obtained. 
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The basic information required when using an enzyme following 
Michaelis-Menten kinetics is its maximum velocity of reaction 
and its Michaelis constant K^, These constants must be measured 
experimentally. The procedure for a single substrate/single enzyme 
reaction is relatively simple. The reaction rate is measured at a 
known constant pH, temperature, and enzyme concentration, and at 
varying substrate concentrations. In order for the results to be 
useful, as wide a range of substrate concentrations as possible 
should be used. In general, the concentration should be varied from 
10~® to 10® K^. This is often impractical; so for "well-behaved" 
enzymes the substrate concentration can be varied from l/2 to 5 K^. 
Several methods are available for determining the enzyme's constants 
from these data. 
The most common method is to display the data in a variety of 
plots obtained by rearranging the Michaelis-Menten equation (3.2). 
Usually it is linearized to 
1 ,_i_ + Jk.. 1 
^ Vax ^max ^ 
and l/v is plotted versus l/S (150). The intercept gives 
the slope is Although widely used, this method, yielding a 
Lineweaver-Burk plot, suffers some statistical disadvantages by 
placing undue weight on the lower concentrations (l5l). A more 
statistically valid plot is the Hanes (l52) or Radie (153) plot, in 
which the basic equation is rearranged to give 
41 
S _ _S_ +_!&_ . i (3.8) 
and S/v is plotted versus S, The slope is lAmax intercept on 
the abscissa is -K^ and on the ordinate K^/V^ax» '^he Woolfe-Hofstee 
(154,155) plot, in which the equation is written 
is often used where v is plotted versus l/S, giving the at the 
ordinate intercept and at the abscissa intercept. These are all 
inferior to a direct plot of v versus S developed by Eisenthal and 
Cornish-Bowden (l56). 
These data are all taken using initial rate kinetics with the 
steady-state assumption, and for many enzyme-catalyzed reactions, the 
assumption of irreversibility is satisfied. This is the case with 
glucoamylase under the initial rate conditions, and the data given 
for the free enzyme are usually consistent. For example, Marsh (11) 
gives values of 4,5 x 10~® M and 3.58 mg/min for maltose, and Weetall 
and Havewala (2) give 1.22 x 10"^M and 1,76 mg/min for starch for the 
and respectively. The is a measure of the affinity of the 
enzyme for the substrate. Thus lower values indicate a higher 
affinity, more enzyme-substrate complex. 
In addition to the and of the enzyme, the responses of the 
enzyme towards changes in pH and temperature should be determined. 
These are found by conducting initial rate tests while keeping the 
enzyme and substrate concentrations constant, and varying pH and 
(3.9) V = V 
max s 
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temperatures separately. The activity is plotted versus temperature at 
constant pH, and versus pH at const,\nt temperature. Bell-shaped curve 
usually result for both. The temperature curve is bell-shaped because 
as the temperature increases» activity increases but stability 
decreases due to thermal deactivation. Marsh (ll) obtained highest 
activity at 55°C and pH 5.0 for soluble glucoamylase. The maximum 
activity can be determined by plotting ln(activity) vs. 1/T. 
The stability, or enzyme half-life, at various conditions should 
be determined. With free soluble enzymes, this can present some 
problems due to the difficulty in keeping constant concentration, pH, 
and ionic strengths when the enzyme is in the presence of its substrate; 
however, incubating the enzyme in solutions of product at various 
temperatures and periodically checking its activity toward substrate is 
one method that has worked. 
B. Immobilized Enzyme Kinetics 
When confronted with the problem of determining the kinetics of 
an immobilized enzyme, several complications exist that are not 
encountered with soluble enzymes. The main differencp,^^etween a 
soluble enzyme and one that is immobilized by covalent linkage, adsorp­
tion, or entrapment in a gel is that the enzyme is no longer completely 
surrounded by an aqueous environment. The major factors that can 
affect the water-insoluble adjunct are the diffusion layer surrounding 
the particle, steric hindrance of substrates, pore size of the support 
particle, degree of hydrophilicity, and electrostatic interactions. 
Other factors can also affect the bound enzyme, such as local and net 
charges, conformational changes, and transformation of catalytically 
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essential amino acid residues (30). Therefore, one cannot say with 
certainty just what actual conditions exist in the neighborhood of 
the enzyme, regardless of the conditions maintained in the external 
solution. 
To measure the activity of a bound enzyme, the same sort of tests 
are conducted as those for soluble enzymes. The activity is usually 
expressed as the specific activity, expressed as |jmol of substrate 
transformed to product/min/mg(enzyme + carrier). It should be emphasized 
that this is an apparent activity, and reflects the effective enzyme 
concentration available for reaction. Because of the effects previously 
noted, and loss of activity upon immobilization, this apparent activity 
may be much less than the value calculated from the amount of enzyme 
bound. The effects on enzyme activity of the immobilization and carrier 
are unpredictable, and the activity should be determined for each carrier 
and procedure. Immobilization often results in increased temperature 
stability (28), altered pH-activity profile (30), and altered 
apparent Michaelis constant and maximum velocity. 
One tool for solving some of the problems associated with measuring 
the kinetic parameters of supported enzymes is described by Ford et al. 
(157). The use of a differential recirculation reactor in which the 
conversion per pass of substrate through the enzyme bed is very small 
can obviate the effects of diffusional gradients, both internal and 
external, axial and radial nonuniformities of flow, temperature, and 
concentration. The reactor provides a nearly "gradientless" tool to 
study the kinetics of heterogeneous catalysts, in which ideal opera­
tion is approached. Film diffusion effects can be eliminated by 
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operating at sufficiently high flow rates, which is easily accomplished. 
The effects of internal diffusion can be controlled by changing the 
particle size used in the reactor, which due to the small bed size 
is not affected by pressure build-up at very small particle sizes. 
Marsh (ll), using this type of reactor, reported values of 
and V^ax of 2.93 x 10"® M and 14.1 mg/min/ml support for glucoamylase 
on porous glass with maltose as substrate. Weetall and Havewala (2) 
obtained a of 2.94 x 10~® M and of 30.6 mg/min/ml support 
for dextrin as the substrate. Marsh (ll) found that the bound enzyme had 
a pH optimum at 4.3 and temperature optimum of nearly 60°C, Weetall and 
Havewala (2) measured half-lives of up to 645 days at 45°C and 8 days 
at 60°C, much greater than soluble glucoamylase. The half-life of 
glucoamylase appears to be greatly increased upon immobilization. Under 
the reaction conditions, first order decay of the enzyme activity has 
been reported by Weetall and Havewala (2), according to the equation 
where kj is the first-order decay constant, a is the immobilized enzyme 
activity, and t is time. Other factors that may influence deactivation 
of the immobilized enzyme are physical loss of the enzyme, poisoning, 
microbial contamination and growth, and pore blockage (23). 
C. Mass Transfer Mechanism for Enzymes Immobilized on Porous Particles 
When enzymes are immobilized onto porous supports, the effects of 
diffusional limitations on the reaction rate must be evaluated. For 
example, the product concentration within the carrier may become high, 
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causing the reverse reaction to occur to such an extent that the apparent 
kinetics are altered, or by establishing equilibrium concentrations such 
that the not reaction is zero, or by increasing product inhibition so 
that a decrease in the reaction rate occurs. By carefully controlling 
the catalyst size, liquid stream flow rate, temperature, and pH,optimum 
operating conditions for the system can be found. 
Levenspiel (158) lists the steps that may control the overall reaction 
rate in solid-fluid heterogeneous catalytic reactions: 
1. Diffusion of substrate across the thin Nernst layer surround­
ing the particle. 
2. Intraparticle diffusion of substrate to enzyme sites along 
the length of the pores. 
3. Association of substrate and enzyme to result in conversion 
of substrate to product. 
4. Outward intraparticle diffusion of product. 
5. Diffusion of product from pore mouth across film layer to the 
bulk solution. 
In order to predict which one or ones of these can become rate-controlling, 
each step must be analyzed for its effect on the reaction. By assuming 
that the particles are porous and the enzyme is at constant concentra­
tion throughout, and that the effective diffusivity, density, 
and temperature do not vary within the particle, and that concentra­
tions are constant at constant radius, the problem can be made much 
simpler. 
First of all, one can disregard steps 4 and 5 because the diffusivity 
of the product (glucose) is much greater than that of the substrate 
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(dextrin). Therefore only the resistance of the liquid film to 
substrate diffusion and the simultaneous substrate diffusion through 
the pores and reaction at the enzyme sites need be considered. By 
controlling the liquid stream flow rate at a sufficiently high level, 
substrate film diffusion offocts bocomo negligible. 
Treatment of simultaneous pore diffusion and reaction in porous 
catalysts is probably best covered by Satterfield (l59). For a 
spherical carrier particle, the equation describing diffusion and 
chemical reaction is : 
JIL (3.11) 
di' ' Deff 
where r is the radial distance, v^ is the intrinsic reaction rate, and 
is the effective diffusivity, defined by = D 9/T (159), where 
9 is the porosity of the particle (void fraction), T is the tortuosity, 
and D is the bulk diffusivity. The equation can be solved analytically 
-co "V" f r» "Y^ryy 
V^ = kyS^ (3.12) 
where m is a constant, and is a rate constant. Michaelis-Menten 
kinetics and other cases where m is not constant must be solved 
numerically. 
The standard method of accounting for the effects of simultaneous 
pore diffusion and reaction resistance is by the use of effectiveness 
factors. The effectiveness factor, t], is defined as the ratio of the 
observed reaction rate to the rate if no diffusion limitation existed. 
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Substitution of the Michaelis-Menten kinetic expression into the 
differential equation results in 
(3-, 
where K^' is the apparent Michaelis constant for the immobilized 
enzyme. The boundary conditions are 
r = R, S = S 
0 
r = 0, ^ = 0. 
(3.14) 
dr 
In dimensionless form, the equations become 
p = 1, y = 1 
G, ^ - 0 (3.16) 
where g = , p = ^  . y = . and 0^ = ^ where 0. is the 
So R "0 s Dgff Km 
diffusional-kinetic modulus for a spherical particle or Thiele modulus 
(160) .  
As 3 approaches 0 or the reaction becomes zero-order or first-
order, respectively. The equations and solutions for the limiting cases 
are 
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^^2 + " *S 9 - 0 (3-0) (3.17) 
dfT p dp 
+ p d^i " y = 0 (9 «) 
dp' 
(3.18) 
These two equations can be solved analytically, and the solutions used 
to solve for T], the effectiveness factor. The solution for the first-
order case was given by Wheeler (I6l). The zero-order case was solved 
by Weekman and Gorring (162), 
1 , 03 S (6/p) 
T] = ( (P - O) (3.20) 
1 - p 3 , fs > (6/%)^'^ 
e 
A Î c HofinoH 
P= 2 , (3.21) 
s (1 - Pe) (1/2(1 + p_) - p3 ) 
A numerical solution for the effectiveness factor and a plot of effective­
ness factor versus 0 at various g values is shown in Figure 5 from Lee 
and Tsao (163). 
Other moduli have been proposed that depend on observed reaction 
rates, such as that of Satterfield (l59) shown below. 
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Figure 5. Plot of effectiveness factor vs. §g, at various substrate 
concentrations and reaction orders. 
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/ 1 dn \ 1 
(- at ) s (3.22) 9 Dgff V Vr dt / S 
where is the catalyst volume, where is assumed constant, and 
the term ^  ^ is the observed reaction rate per unit volume of porous 
carrier, Moo-Young and Kobayashi (164) solved numerically for the more 
complicated cases of substrate and product inhibition. Their method 
required much more complicated moduli than given previously. When 3 
is in the range between 0 and they gave the approximating equation 
r, = (3.23! 
1 + 01 
where the largest deviation from the accurate values of ^  occurs at 
hg = /3. The terms in Eq, 3.23 are defined as 
1 (O < hg i /3 ) 
Eo = { 3 (3.24) 
\ 1 - { { 1 / 2  f cos (hg > /I ) 
= iP (3.26) 
where 
f = cos"^ - l\ (3,27) 
51 
2 Dpff Sg 
(3 .28)  
1 Km Deff 
(3 .29)  
The effectiveness factors calculated using Equation 3.23 and Figure 5 
agree closely. 
There are techniques available for the experimental determination 
of effectiveness factors that avoid the estimation of effective diffusivity. 
Marsh (ll) used the method of decreasing the particle size until no 
additional increase in reaction rate was found. This rate is assumed 
to be the intrinsic rate, and t] can be calculated for other particle 
sizes by dividing the observed rate by the intrinsic rate. 
The effect of pore diffusion can also be estimated by comparing the 
Arrhenius plots of soluble and immobilized enzyme for the variation of 
reaction rate with temperature. If the slopes are equal and straight 
lines result, then pore diffusion is not significant. Pore diffusion 
limitation is more likely at higher temperatures, so slopes will decrease 
there. This can cause the apparent activation energy to decrease 
to one-half the true value. The activation energy for diffusiun Is 
typically 1 to 4 kcal/mole (165), and as diffusion controls the reaction 
rate, the measured activation energies for reaction and diffusion approach 
the arithmetic mean for diffusion and reaction control (l6l). This effect 
has been noted experimentally by Messing (23)and Wun (166) .  
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IV. EXPERIMENTAL APPARATUS AND PROCEDURE 
A. Materials 
The starches and partially hydrolyzed dextrins used in the experi­
ments with free and immobilized glucoamylase were commercial preparations. 
For the enzyme half-life determinations, Maltrin-15 and Maltrin-20 acid-
a-amylase partially hydrolyzed corn starches purchased from Grain Process­
ing Corp., Muscatine, Iowa, were used. In experiments comparing free and 
immobilized glucoamylase reactions with dextrins as substrates, Maltrin-
10, -15, -20, and -25 and R-420 syrup obtained from Grain Processing 
Corp., Star-Dri 24-R, 35-R, and 42-R acid hydrolyzed corn starch 
obtained from A. E. Staley Manufacturing Co., Decatur, Illinois, and 
25 DE acid hydrolyzed corn starch from the Hubinger Co., Keokuk, Iowa, 
were employed. Pearl starch was obtained from Penick & Ford, Ltd., 
Cedar Rapids, Iowa, and Grain Processing Corp., and was hydrolyzed with 
a-amylase to dextrin. 
Glucoamylase from Aspergillus nicicr (Sztch PPAG 12} '.«.'as donated by 
Novo Enzyme Corp», Mamaroneck, New York. The glucoamylase had an activity 
of 1125 units/g, where 1 unit (U) is the amount of enzyme that can hydro-
lyze 1 laraol of maltose/min at 25°C and pH 4.5. 
Bacillus licheniformis a-amylase was donated by Novo Enzyme Corp. as 
Thermamyl 60 (Batch AN 1054). It had an activity of 60,000 U/g, where 1 U 
is the amount of enzyme that can hydrolyze 5.62 mg of soluble starch/hr at 
37°C and pH 5.7 as measured by the loss of iodine blue color in a Heillige 
Color Comparator. The other a-amylase used was derived from Bacillus 
subtilis and was purchased from Miles Laboratories, Elkhart, Indiana, 
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as HT-IOOO (control no. F-5018-E). It had an activity of lOOU/mg, 
where 1 U is the amount of enzyme that can liberate 1 mg of reducing 
sugar as maltose from soluble starch in 30 min at pH 5.4 and 40°C. 
The porous silica ceramic enzyme support material was donated by 
Corning Glass Works, Corning, N.Y., and was supplied in the silanized 
or alkylamine form with a 30-45 mesh particle size and a 400 A ± 10% 
nominal pore diameter. The chemicals used in preparing the immobilized 
enzymes or in experimental procedures were obtained commercially; 
21% hydrochloric acid, chloroform, monobasic and dibasic sodium and 
potassium phosphate, calcium hydroxide, calcium chloride dihydrate, 
25% glutaraldehyde, yaminopropyltriethoxysilane (Union Carbide AllOO 
silane), concentrated nitric acid, and glacial acetic acid. 
B. Preparation of Immobilized Glucoamylase 
Glucoamylase was chemically bound to the porous silica using 
glutaraldehyde as the difunctional reagent. The details of the pro-
ceriurp wprp given hy Marsh (ll); A sample of aikylarr.inc silica bead: 
was covered with 2.5% glutaraldehyde obtained by diluting 25% com­
mercial glutaraldehyde solution 1 to 9 with pH 7.0. 0,1 M phosphate 
buffer. The mixture was allowed to stand at room temperature for 2 hr 
under .aspirator vacuum. The reacted beads were washed with one to two 
volumes of phosphate buffer at pH 7.0, and then covered with a solu­
tion of approximately 1% glucoamylase in pH 7.0 phosphate buffer in 
the ratio of 0.1 g enzyme/g beads. After reacting with the enzyme 
for 2 to 3 hr at 4°C, the activated beads were washed alternately with 
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solutions of 6 M urea and distilled water until no more adsorbed 
glucoamylase was released. 
The immobilized glucoamylase used in the pilot plant reactor was 
prepared by a similar method, Alkylamine beads were placed in water 
and the fines floated off. The beads were then dropped into a 1 ft® 
column until it was fully packed, and a 2.5% glutaraldehyde solution 
pumped intp the column. After 2hr under aspirator vacuum, the beads 
were washed with 15 gal of pH 7.0 phosphate buffer. Next, an approxi­
mately 20% glucoamylase solution in phosphate buffer was circulated 
through the reactor for 2 hr. Finally, the column was washed and 
sterilized with a saturated aqueous solution of chloroform. 
The immobilization of glucoamylase in the pilot plant reactor 
resulted in 3.56 lb of the 4 lb enzyme offered being bound to the 31.8 
lb of silica beads contained in the 1 ft® column. The activity of the 
enzyme solution decreased from 240 to 25 U/ml upon passage through 
the column. The immobilized enzyme activity was 56 U/g, indicating 
that approximately 45% of the bound glucoamylase was active. 
C. Analytical Methods 
Samples of the reaction mixture were analyzed with a Waters ALC 
901 liquid chromatograph donated by Corning Glass Works. The chroma-
tograph column was a 2 ft long, 3/8 in. precision-bore chromatographic 
quality polished 316 stainless steel tube. The tube was water-jacketed 
for constant temperature operation at 80°C, and was controlled at the 
desired temperature by a Haake circulating water bath. The column was 
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packed with 20-30 |am Bio-Rad Aminex 50W-X4 or Bio-Rad Q-15S 18-25 |im 
ion-exchange resin converted to the Ca"^ form and was eluted with 
distilled water at 0.5 ml/min. The optics of the differential refrac-
tometer monitoring the effluent were maintained at 30°C with another 
Haake constant temperature bath. Samples of 4 to 10 ^ 1 were used, 
depending on the concentration. The eluted.peak areas were integrated 
with an Infotronics Model CRS-204 automatic digital integrator (Columbia 
Scientific, Austin, Texas). No corrections to the peak area were 
needed, because the refractive indices of the members of the malto-
dextrin series are roughly equal in the low concentrations used, and 
were directly proportional to concentration. 
The dextrose equivalent (DE) of the samples were calculated 
from chromatograph data by assigning a multiplying factor to each of 
the various sugars present. The weight percent of glucose was multi­
plied by 1.0, maltose by 0.5, maltotriose by 0.33, maltotetraose by 
0.25, and so on for the higher polymers. These totals were added 
together to find Lue DE of the sample. The values obtained by this 
method agreed closely with those determined using the Lane and Eynon 
procedure (3), which is a reducing sugar titration. The glucose con­
centration was also determined with a Beckman glucose analyzer. 
Solids content in solution was determined with a hydrometer and 
tables in Junk and Pancoast (3). To verify the results, samples were 
sent from time to time to the laboratories of some of the corn wet 
millers for analysis by other techniques. 
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D. Immobilized Enzyme Reactors 
1. Recirculated differential batch reactor 
Batch experimental runs using immobilized glucoamylase were con­
ducted in a Plexiglas differential packed bed reactor of 1 cm i.d. 
filled with 2-7 cm® of immobilized glucoamylase. The reaction solution 
was pumped through the column at a rate of 13-15 ml/min, sufficient to 
prevent film diffusion control of the enzymatic reaction and to keep 
conversion in a single pass through the bed very small, with a Cole-
Parmer motor attached to a model 7014 peristaltic pump head. After 
passing through the column, the solution was returned to a stirred 
reservoir. The total volume of the reactor-reservoir system was 115 ml. 
The desired temperature was maintained by immersing both reactor and 
reservoir in the well of a Haake constant temperature bath. One-half 
ml samples of the reaction mixture were taken at times during the 
reaction for analysis. 
2. Batch reactor for soluble enzvme reactions 
Batch reactions using soluble glucoamylase were conducted in a 
three-necked stirred flask. The 115 ml of reaction solution were 
placed in the flask and brought to the desired temperature in the 
well of a Haake water bath: After adding the enzyme, 0.5 ml samples 
were withdrawn at various times and quick-frozen for analysis. 
3. Single-pass laboratory reactor 
Immobilized enzyme stability studies were conducted in a single-
pass reactor, simulating projected operation of the pilot plant. The 
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reactor was a 2 cm i.d. glass Fisher and Porter jacketed chromatographic 
column packed with 50 to 150 cm? of immobilized glucoamylase. Dextrin 
solution (30vvt%) was fed to the column by a Milton Roy instrument 
mini-pump, after passing through a heat exchanger to raise its tempera­
ture to that in the column. The temperature of both heat exchanger 
and column was maintained by a Haake water bath. The feed rate and 
immobilized enzyme volume were set sufficiently high to give about 
80% initial conversion in the reactor and maintain freedom from film 
diffusion effects. The effects of pore diffusion were minimal, as the 
effectiveness factors calculated for the conditions in the reactor were 
above 0.95. Samples were analyzed every few hours on the liquid 
chromatograph. 
Since appreciable conversion occurred in this reactor, the activity 
was determined by relating the conversion in the reactor to a plot of 
glucose concentration versus reaction time in a batch reaction conducted 
with the same feed. The activity was then proportional to the indicated 
elapsed time required for the batch reacLlon Lo leaCu tlie same conver­
sion. 
4. Pilot plant 
A flowsheet of the pilot plant is shown in Figure 6,and Figures 
7 and 8 show photographs of it. Starch from 100 lb bags was loaded 
into the bin of a Flexifeeder from Automatic Industrial Machines, 
Inc., Lodi, N. J., from which it was fed by screw conveyer 
powered by a 1-1/2 hp General Electric motor to a 250 gal insulted mix 
tank. The starch was slurried with deionized water treated with a 
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Figure 6. Diagram of immobilized glucoamylase pilot plant. 
Figure 7. Photo of pilot plant showing equipment and location. 
Figure 8. Photo of pilot plant showing starch cooking apparatus. 
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dual-bed Culligan deionizer and held in a 250 gal storage tank. The 
mix tank was stirred at 175 rpm by a 9 in, diameter, three blade 
propeller assembly powered by a l/3 hp General Electric motor and 
Eastern drive. Four steam-heated panel coil heaters in the slurry 
tank were capable of heating the tank contents to 90°C. Although 
starch slurry was maintained at room temperature, when soluble dextrin 
was used as feed for the pilot plant; it was heated to 60°C to help 
dissolve the powdered material, and to minimize bacterial contamination 
and growth. 
The pH of the starch slurry was adjusted to the desired value by 
adding CafOHjg to the slurry, as the stream was pumped through an on­
line Leeds and Northrup pH meter with a l/l5 hp Eastern centrifugal 
pump. When the soluble dextrin was used, its pH was adjusted to 
pH 4.5 by the addition of concentrated hydrochloric acid in the same 
manner as above. 
From the slurry mix tank, the slurry was pumped through a manifold 
with two Eastern l/3 hp centrifugal pumps to a two gal open supply 
tank stirred with an air driven laboratory stirrer. The slurry level 
in the tank was maintained constant by a needle valve in the incoming 
slurry line controlled by a float in the tank. Excess flow was recycled 
Lo the mix tank to minimize the problem of starch settling out in the 
piping and plugging the lines. 
The slurry was then pumped with a size 2M1 type SSQ Moyno pump 
powered by a 3/4 hp General Electric variable speed motor operated at 
about 900 rpm and controlled by a General Electric Statatrol Junior 
motor speed controller. The slurry was mixed with steam in a size 300 
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Type "B" Hydroheater (Hydrothermal Corp., Milwaukee, Wis.), and then 
passed through a combining tube,, followed by a 1 in. diameter holding 
coil with a 1.47 gal capacity. The back pressure, and hence the cooking 
temperature, was controlled by a 3/4 in. globe valve. The steam was 
flashed in a 10 in. diameter flash chamber and condensed with a water 
spray condenser. The starch cooling unit containing the supply tank, 
Moyno pump, Hydroheater, coil, flash chamber, and condenser was assembled 
by SAECO (Cedar Rapids, Iowa). 
The cooked starch passed to a holding-cooking tank identical to 
the mix tank, except that the temperature could be controlled by steam 
or hot water pumped through the coils and a steam heated heat exchanger 
by a l/6 hp Eastern centrifugal pump. 
After the starch was cooked to the desired degree in the hold tank, 
the pH was adjusted with concentrated HCl to pH 4.4. After a period to 
allow fat, gluten, and fiber to rise and uncooked and retrograded starch 
to settle, the dextrin was pumped from the holding tank with a 67 gal/hr 
capacity Model A Milton Roy diaphragm pump. The dextrin passed through 
a steam heated shell and tube heat exchanger where it was heated to 
120°C with 15 psi steam. From the exchanger, the dextrin passed through 
a 75 foot long, 3/4 inch insulated holding tube at a flow rate of 0.25 
gal/min. The residence time in the heater and coil was 3.9 min. 
The dextrin was cooled to reaction temperature by passage through 
a cocurrent shell and tube exchanger cooled by process water, with the 
temperature controlled with a Leeds and Northrup Electromax III tempera­
ture controller. It then was filtered with eitlier of two parallel pairs 
63 
of Fram 10 in. polypropylene or cellulose string-wound filters held in 
polypropylene housings. The first filter had a nominal exclusion 
rating of 10-25 |jm, while the second had either a 2-7 or 5-10 p.m rating. 
The filtered dextrin passed through an in-line Leeds and Northrup 
pH meter before passing to the glucoamylase reactor. If the temperature 
exceeded or the pH of the dextrin solution deviated from the levels desired 
for the enzyme column, two solenoid valves were activated so that the 
dextrin was diverted to the hold tank and distilled water was pumped 
through the column to prevent deactivation of the enzyme. 
The dextrin was pumped to either end of the enzyme column with a 
Model 131 A Milton Roy diaphragm pump of 16 gal/hr capacity. The 
difference in flow between the two diaphragm pumps in series was 
recycled to the hold tank. The immobilized enzyme column was a 5 ft 
long, 6 in. schedule 40 pipe with a packed capacity of 0.98 ft° 
glucoamylase on porous silica. The packing was contained in the column 
by screens at the top and bottom. The column caps contained thermo­
couples to measure the inlet and outlet temperatures. To hold the 
temperature constant the column was insulated with 1 in. Fiberglas 
batting. The column was mounted on a wheeled base and connected to 
the inlet and outlet lines by quick connect fittings to allow easy 
removal from the system for storage in a cold room between runs. 
At a production rate of 1000 lb/day glucose and a 30% solids 
content, the flow rate through the column was 0.25 gal/min. At 30% 
void volume, the residence time in the column was 9.0 min. The flow 
rate through the column could be varied from 0.05 gal/min to 0.25 gal/ 
min. 
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The pilot plant could also be operated with purchased dextrin used 
as the initial feed, in which case operation of the system was much 
simpler. Bags containing 100 lb of dextrin powder were emptied into the 
mix tank containing hot deionized water and the dextrin dissolved. The 
solution was recycled through the on-line pH meter and the pH adjusted 
to 4.5 by adding concentrated HCl manually to the mix tank. The dextrin 
was then pumped to the hold tank from which it could be fed to the rest 
of the system as previously described. The purchased dextrin required 
only one filter of 5-10 [im exclusion rating. 
All equipment contacted by the process stream except the pH meters 
and filters was constructed of 304 or 316 stainless steel. Thermo­
couples and pressure gauges placed at important process points were used 
to monitor the pilot plant performance. The temperatures measured by 
the thermocouples were recorded on a 12-point Leeds and Northrup tempera­
ture recorder. 
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v.. RESULTS AND DISCUSSION 
A, Stability of Glucoamylase Immobilized on Porous Silica 
The stability of glucoamylase bound to porous silica was deter­
mined in the single-pass laboratory reactor previously described, using 
reaction conditions similar to those under which the pilot plant reactor 
was to be operated. The substrates used for the tests were Maltrin-15 
and Maltrin-20 at 30 wt % solids and pH 4.5. At the temperatures tested, 
55, 60, 65, and 70°C, the decay of enzyme activity was first order with 
respect to time as shown in Figures 9, 10, 11, and 12, in which the 
logarithm of relative activity was plotted versus time. The half life 
of the enzyme activity was determined by applying a least-squares 
regression analysis to the data for each temperature. The half lives 
were calculated to be 581.4 ± 86,8 hr at 55°C. 117.6 ± 13.6 hr at 60°C. 
34.7 ± 2.2 hr at 65°C and 7.5 ± 1.75 hr at 70%, where the second numbers 
here and in Figure 13 were the 95% confidence intervals. The logarithms 
of the half-lives were plotted versus the reciprocal absolute tszpcrzturs 
(Figure 13) to yield an energy of activation for the decay of enzyme 
activity of 63.8 ± 8.6 kcal/mol. In all of these stability tests, film 
diffusion effects in the reactor were determined not to be a problem, 
by decreasing the flow rate to a point where the conversion in the 
reactor decreased, and always operating at a flow rate greater than 
that value. 
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Figure 9. Semi-log plot of immobilized enzyme activity vs. elapsed 
time in a continuous flow packed column reactor at 55 C 
using Maltrin-15 feed at 30% w/w and 270 cm®/hr. 
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Figure 10, Semi-log plot of immobilized enzyme activity vs, elapsed 
time in a continuous flow packed column reactor at 60°C, 
using Maltrin-20 feed at 30% w/w arid L24 cm^/hr. 
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Figure 11. Semi-log plot of immobilized enzyme activity vs. elapsed 
time in a continuous flow packed column reactor at 65°C, 
using Maltrin-20 feed at 30% w/w arid 180 cm°/hr. 
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Figure 12, Semi-log plot of immobilized enzyme activity vs. elapsed 
time in a continuous flow packed column reactor at 70°C; 
using Maltrin-20 feed at 30% w/w and 180 cm®/hr. 
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Figure 13. Semi-log plot of porous silica ceramic immobilized gluco-
amylase half-life vs. inverse absolute temperature for a 
continuous flow packed column reactor. 
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D. Laboratory Studies on the Effect of Feed Dextrins on Conversion 
The effect of dextrin history on its hydrolysis by free and immobilized 
glucoamylase was observed by conducting batch reactions generally at 45-55° 
C, pH 4.3-4.5, and 30 wt % solids. The recirculated batch reactor was used 
with immobilized enzyme. By operating at sufficiently high flow rates, 
film diffusion limitation was eliminated (ll, 157). The amount of 
immobilized enzyme in the reactor was kept small to give a low incre­
mental conversion, and the reactor was operated at conditions to give a 
minimum effect by pore diffusion resistance on the reaction. These con­
ditions made possible a comparison of the reactions catalyzed by the 
immobilized and free enzyme. 
The reaction sequences for the two types of enzymes were quite 
similar, as Figures 14 and 15 show. As reaction time increased, con­
centrations of the larger oligosaccharides decreased monotonically. 
Generally the trisaccharides decreased to a minimum concentration and 
then increased slightly. The disaccharides, which consist mainly of 
maltose, isomaltose, and maltulose, increased to a maximum concentration, 
followed by a decrease to a minimum, and finally increased monotomically, 
largely through the enzymatic production of isomaltose from glucose. 
Maltulose was produced when severe conditions were employed to produce 
the dextrins, as during prolonged a-amylase hydrolysis of pearl starch 
(Appendix 1, Tables 43, 47) or acid hydrolysis of pearl starch (Appendix 
1, Table 49) to reach a high dextrin DE. The maltulose concentra­
tion remained fairly constant during the dextrin hydrolysis (Appendix 1, 
Table 38), primarily because of the extremely low rate of maltulose 
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Figure 14. Batch reaction progress with 0,2 g soluble glucoamylase and 
115 ml of 30 wt % Maltrin-lO (45°C, pH 4,4, initial DE 13.2). 
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Figure 15. Batch reaction progress with 5.6 ml immobilized glucoamylas© 
and 115 ml of 30 wt ^  Maltrin-10 pH 4.4, initial 
DE 13.4), 
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hydrolysis by glucoamylase (8,9). The glucose concentration reached a 
maximum, and as the reaction was continued, began to decrease as rever­
sion products were formed. The DE of the solution also reached a peak, 
then decreased with glucose concentration, although slightly slower. 
The results with several different dextrins, of different DE and method 
of preparation, are shown in Table I. The liquid chromatographic 
analysis results of the reaction mixture samples are given in Appendix 1. 
In all experiments conducted, the maximum glucose concentration 
(dry basis) and DE achieved using the immobilized glucoamylase were 
less than or equal to those obtained with the free enzyme when treating 
the same substrate (Figures 16 and 17). In all cases, the maximum 
disaccharide concentration was higher for the free enzyme than the 
immobilized enzyme, in some cases by a factor of 2 as with Maltrin-10, 
Another method of plotting the hydrolysis data was suggested by 
G. K, Lee ( 167) in which a triangular diagram using glucose (G^), 
disaccharides, primarily maltose (Gg), and oligosaccharides of greater 
onaxu J.cuyuii ao oaco wao pxuoocru \ i xyuxcr» # .rvo may uc 
seen, the initial dextrin composition had a marked effect on maltose 
concentration, whereas the effect of hydrolysis temperature was small. 
The method used to hydrolyze the starch to dextrin resulted in 
a considerable variation in the maximum DE and glucose concentration 
achieved by the glucoamylase hydrolysis. The fully or primarily acid 
hydrolyzed dextrins (Staley Star-Dri, GPG R-420, Hubinger) gave 
lower glucose and DE values than either a-amylase hydrolyzed 
dextrins (Maltrins) where some acid was used, or dextrins hydrolyzed 
by Thermamyl-60 or HT-1000 a-amylase only. 
Table I. Maximum glucose yield and DE obtained in a recirculated batch reactor of immobilized 
glucoamylase and in a free glucoamylase batch reactor^ 
Type of Actual T emperature Max, Glucose 
Starch DE of Glucoamylase of Yield (vvt %, Max. 
Origin Feedstock Liquefaction Substrate Type Reaction,°C dry basis) DE 
GPC^ Pearl Starch Thermamyl-60 11.6 I 52 93.8 95.8 
GPC Maltrin-10 Primarily 
a-amylase 
13.2 S 45 95.1 97.1 
GPC Maltrin-10 Primarily 13.4 I 45 92.8 95.2 
a-amylase 
GPC° Pearl Starch HT-1000 14.5 S 45 94.4 96.4 
GPC° Pearl Starch HT-1000 15.0 S 45 92.3 95.3 
GPC Maltrin-15 Primarily 
a-amylase 
15.9 S 45 93.0 95.8 
GPC Maltrin-15 Primarily 16.3 I 45 92.0 94.9 
a-amylase 
GPC^ Pearl Starch Thermamyl-60 16.4 S 45 94.8 96.7 
GPC Maltrin-15 Primarily 
a-amylase 
16.9 S 55 94.5 96.5 
GPC Maltri.n-lS Primarily 
a-amylase 
17.8 I 55 90.9 93.7 
^All reactions at 30 wt % dextrin unless otherwise indicated. 
^27 vrt % dextrin,, 
Table I. (continued) 
Type of Actual T emperature Max, Glucose 
Starch DE of Glucoamylase of Yield (wt %, Max. 
Origin Feedstock Liquefaction Substrate Type Reaction,°C dry basis) DE 
p&pb Pearl Starch HT-1000 17.2 S 60 94.5 96.6 
P&F° Pearl Starch HT-1000 17.3 I 60 92.1 95.0 
P&F° Pearl Starch m-1000 18.0 S 60 89.0 91.4 
GPC Maltrin-20 Primarily 
a.-amylase 
18.7 S 45 93.4 95.8 
GPC Maltrin-20 Primarily 
a-amylase 
18.9 S 55 94.3 96.4 
GPC Maltrin-20 Primarily 
a-amylase 
19.4 I 45 92.2 94.9 
GPC Maltrin-20 Primarily 
a-amylase 
21.5 I 55 92.0 94.7 
GPC Maltrin-25 Primarily 
a-amylase 
21.8 S 45 93.0 95.4 
GPC Maltrin-25 Primarily 22,0 I 45 92.8 85.4 
(%-amvlase 
GPC ^  Pearl Starch HT-1000 22.6 S 45 94.3 96.5 
GPC Maltrin-25 Primarily 
a-amylase 
22.7 S 60 91.8 94.7 
GPC Maltrin-25 Primarily 
o:-amylase 
22.7 I 60 90.5 . 94.1 
Staley Star-Dri 24-R acid-a- 22.7 S 45 90.7 93.8 
amylase 
Staley Star-Dri 24-R acid-a- 23.5 I 45 90.5 93.8 
b amylase 
GPC Pearl Starch HT-1000 23.1 s 45 92.5 95.3 
Table I. (continued) 
Type of Actual Temperature Max. Glucose 
Starch DE of Glucoamylase of Yield (vvt Max. 
Origin Feedstock Liquefaction Substrate Type Reaction.,°C dry basis) DE 
GPC, Pearl Starch Thermamyl-60 23.5 
GPC, Pearl Starch HT-1000 24,5 
GPC, Pearl Starch Thermamyl-60 26.4 
P&F ASTRO-X 1000-B HT-1000 27.0 
Hubinger 25 Dri Sweet Acid 27.7 
GPCb Pearl Starch HT-1000 2u.O 
Staley Star-Dri 35-R Acid 32.2 
Staley Star-Dri 35~R Acid 32.4 
GPC^ Pearl Starch Thermamyl -60 32.6 
Staley Star-Dri 42-R Acid 36.4 
Staley Star-Dri 24-R Acid-Enzyiae b 37.6 
HT-1000 p::e-
treatment 
GPC R-420 Acid 38.6 
S 45 95.1 97.1 
s 45 91.0 94.6 
I 51 94.0 95.9 
S 60 93.2 95.0 
I 55 89.5 92.6 
S 45 94.0 96.0 
S 45 88.8 92.5 
I 45 88.4 91.9 
S 45 91.4 95.4 
I 45 87.3 91.3 
I 45 90.7 93.7 
I 45 86.1 90.8 
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Figure 16. Initial dextrin DE vs. maximum glucose concentration for soluble 
and immobilized glucoamylase vs. a-amylase, purchased a-amylase-
acid, and purchased acid hydrolyzed dextrins. 
a» 
95 
OcP 
Jtk <9 
o 
o 
AA o 
A A o 
ÈA 
e o 
o 
UJ 
Q 
X 
< 
90 
85 
10 
_1 I I I L 
15 
1 I I 1—I 1 L 
SOLUBLE GLUCOAMYLASE 
O cC-ZiMYLASE DEXTRIN 
A OC-AMYLASE-ACID DEXTRIN 
• ACID DEXTRIN 
IMMOBILIZED GLUCOAMYLASE 
• OC-AMYLASE DEXTRIN 
A OC-AMYLASE-ACID DEXTRIN 
• ACID DEXTRIN 
•  I I I  I I I I—I—I—I—I—L 
20 25 30 
INITIAL FEED DE 
35 40 
<1 
vO 
Figure 17. Initial dextrin DH vs. maximum DE for soluble and immobilized 
glucoamylase vs. a-amylase, purchased a-amylase-acid, and 
purchased acid hydrolyzed dextrins. 
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Figure 18. Triangular plot of glucose, maltose, and oligosaccharide 
concentrations for batch soluble and immobilized glucoamylase 
hydrolysis of Maltrin-10 (45®C, pH 4,4, initial DE = 13.2, 
13.4). 
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Figure 19= Triangular plot of glucose, maltose, and oligosaccharide con 
centrations for batch soluble and immobilized glucoamylase 
hydrolysis of Maltrin-15 (45°C, pH 4.4, initial DE = 15.9, 
16.3). 
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Figure 20, Triangular plot of glucose, maltose, and oligosaccharide con­
centrations for batch soluble and immobilized glucoamylase 
hydrolysis of HT-1000 a-araylase hydrolyzed pearl starch (a-
amylase - 85%, pH 6.8, 5 mg a-amylase/lOg starch, 2/3 hr cook) 
(glucoamylase - 60°C, pH 4.2, 4,4, initial DE « 17.2, 17.3), 
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Figure 21, Triangular plot of glucose, maltose, and oligosaccharide con­
centrations for batch soluble and immobilized glucoamylase 
hydrolysis of Maltrin-20 (45®C, pH 4.4, initial DE = 18,9, 
19.4), 
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Figure 22. Triangular plot of glucose, maltose, and oligosaccharide con­
centrations for batch soluble apd immobilized glucoamylase 
hydrolysis of Maltrin-25 (45®C, pH 4.4, initial DE = 21.8, 22. 
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Figure 23. Triangular plot of glucose, maltose, and oligosaccharide con­
centrations for batch soluble and immobilized glucoamylase 
hydrolysis of Maltrin-25 (60OC, pH 4.4, initial DE = 22.7), 
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Figure 24. Triangular plot of glucose, maltose, and oligosaccharide con­
centrations for batch soluble and immobilized glucoamylase 
hydrolysis of Star-Dri 24-R (45°C, pH 4,4, initial DE = 22,7, 
23,5). 
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Figure 25, Triangular plot of glucose, maltose, and oligosaccharide con­
centrations for batch soluble and immobilized glucoamylase 
hydrolysis of Star-Dri 35-R (45°C, pH 4,4, initial DE = 32.2, 
32,4). 
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When the DE of the dextrins produced by the three methods was the same 
and the glucoamylase hydrolysis compared, it is apparent that the 
a-amylase treatment produced the most acceptable dextrin for maximum 
production of glucose and DE. The acid-enzyme and finally acid 
hydrolyzed dextrins gave progressively lower maximum glucose yields 
and DE (Figures 16 and 17, Table I), The primary reason for the 
low values obtained from acid-treated dextrin is the formation of 
byproducts during acid hydrolysis that cannot be hydrolyzed by 
glucoamylase to glucose, resulting in a lower yield. 
The DE of the dextrin produced by hydrolysis also affected the 
final glucose yield and DE produced by glucoamylase hydrolysis. As 
the initial dextrin DE increased for the acid hydrolyzed dextrins (Star-
Dri 24-R, 35-R, 42-R), the final DE and glucose yield decreased. For 
enzyme-acid hydrolyzed dextrins (Maltrins), the dextrin DE had little 
effect on the final glucose concentration and DE. The dextrins hydro­
lyzed by HT-1000 or Thermamyl-60 ^ -amylase showed little effect of 
initial DE on final glucose concentration and DE, except for the cases 
where an exceptionally long cooking time was used to reach a high DE, 
in which cases the final glucose concentration and DE were considerably 
lower. 
C. Pilot Plant Operation with Dextrin 
The pilot plant was operated initially with purchased acid hydro­
lyzed dextrins of three different initial DE's purchased from A. E. 
Staley. The reactor feed was controlled at 37"C at the inlet, which 
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resulted in an outlet temperature of 38 to 39°C. Table II 
shows the results of operation with the 24, 35, and 42 DE dextrins. 
Confirming laboratory results using the acid hydrolyzed dextrins, 
the lowest DE feed (24 DE) yielded product of highest DE and glucose 
concentration. In addition, laboratory and pilot plant results for 
the three feeds were virtually identical. Maxima for glucose and DE 
occurred at intermediate flow rates and residence times with the 24 DE 
feed. 
The pilot plant was operated 24 hours a day with the feed dextrin 
solution made up once a day. Samples were taken daily and analyzed 
for glucose and DE. During most of the 80 days of continuous operation, 
routine conditions were observed. The most serious recurring problem 
was a blockage of the main feed pump inlet strainer with pieces of 
paper from the bags that contained the dextrins. This caused a loss 
of flow to the column feed pump, resulting in air being drawn into the 
recycle line and column. Air introduced into the column in this manner 
was not sterile and contaminated the enzyme column with microorganisms. 
The air was removed by reversing the liquid flow in the column (bottom 
to top) for the time necessary to remove the bubbles present in the 
product stream. No difference in column performance was observed 
either when flow was reversed or after any of the upsets. When the 
flow rates were equal, the glucose concentration of the product was 
the same regardless of flow direction. 
Table II. Analysis of pilot plant feed and product under varying conditions 
Flow Rate& Concentration, wt % dry basis 
lb/day 3?+ Ge Gs Ga Gg Gi DE 
Staley Star-Dri 24-R 
Feed Analysis 49.5 12.8 6.9 7.1 9.9 8.6 5.2 23.5 
Product Analysis 1100 3.8 0.6 0.5 0.5 1.0 3.8 89.7 92.6 
900 3.3 0.6 0.5 0.5 0.7 '\4 90.0 93.0 
700 2.8 0.6 0.5 0.5 0.7 4.5 90.4 93.5 
500 2.6 0.7 0.5 0.5 0.9 4.7 90.1 93.4 
300 1.7 0.6 0.5 0.4 1.0 7.7 88.1 92.7 
Staley Star-Dri 35-R 
Feed Analysis 42.5 6.6 7.3 8.2 9.9 11.2 14.3 33.4 
Product Analysis 500 3.1 1.2 1.1 1.1 1.2 5.3 87.0 91.0 
Staley Star-Dri 42-R 
Feed Analysis 35.6 7.0 7.7 8.6 11.2 12.7 17.2 35.7 
Product Analysis 900 3.3 1,2 1.3 0.7 1.8 5.2 86.5 90.7 
500 2.9 1.2 1.2 0.7 1.7 5.7 86.6 91.0 
^Based on dry product. 
Temperature 38°C. 
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1. Minrnbial contamination in the pilot plant 
The microbial contamination of the immobilized enzyme column was of 
prime concern during the extended test. The levels of bacteria, molds,and 
yeast were measured periodically by taking plate counts on the product 
stream, feed,and recycle stream. (3). Nutrient agar was used 
for total plate count, and potato dextrose agar for molds and yeasts. 
After 30 days'operation, the product stream showed a bacteria count of 
36 per ml of liquid. The recycle line liquid and feed tank contents 
showed counts of 93 and 220 per ml, respectively. There was no sign of 
mold contamination. Throughout the first two months of operation, counts 
stayed at or below this level (Table III). Seventy days after starting 
the test, a prolonged pump malfunction allowed microbial contamination in 
the column to increase and after five days, the bacteria count of the 
product stream had increased to 41,000 per ml. 
In an effort to decontaminate the column, a saturated aqueous chloro­
form solution was pumped into the reactor. The solution was allowed to 
stand in the column for two hours and then pumped out with sterile water, 
followed by sterile feed. Four days later, the bacteria count had 
stabilized at 300 per ml of product. The column was then washed with 
the chloroform solution and stored in the cold room at 4°C. After three 
weeks in storage the column was operated for 48 hours,and contamination 
levels were no higher than the counts prior to cold room storage. 
Other authors have reported problems and methods of control for micro­
bial contamination of immobilized enzyme reactors. Harper et al. (l46) 
discussed various methods and bacteriostats in columns of immobilized 
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Table III, Microbial contamination in pilot plant operation 
Elapsed Time, Micrnhial Count/ml Fluid 
days Feed Recycle Product 
30 220 93 36 
37 65 32 12 
45 25 25 6 
70 20 4400 1600 
72 3000 
75 41000* 
79 300 
Continuous run ended a 
102 (23 days in cold room) 
4 hr operation 330 
10 hr operation 910* 
164 (2 months in cold room) 3 
1 hr operation 140 
9 hr operation 30 
24 hr operation 47® 
330 (5 1/2 months in cold 
room) 
338 1090° 
341 147 3 
345 1160b 
422 ( 2  months in cold 
room) 70 
464 4 8 ^  
^Column washed with chloroform solution, 
Column top removed, screen cleaned, and column washed with 
chloroform. 
93 
p-galactosidase on porous glass. They found that operation at 50-60°C 
for 48 hours at pH 3.5, followed by a thorough cleaning and sanitizing 
cycle using a nitrogen flush or quaternary ammonium chloride pretreat-
ment, followed by the same cycle, was satisfactory. Sodium azide, 
iodine, and sodium hypochloride proved unsatisfactory as sterilants 
because they caused substantial losses in enzymic activity. Coughlin and 
Charles (168) used a periodic disinfection with a commercial iodoform 
disinfectant and reported no significant loss in enzymatic activity. 
Barndt et al. (l69) reported on the effectiveness of commercial 
bacteriostats and cleaning agents in controlling microbial growth and 
their effect on enzyme activity in a p-galactosidase-collagen bioreactor. 
Their results showed HgOg, iodophor, and quaternary ammonium salt treat­
ments provided good microbial growth control and very slight to moderate 
loss in enzyme activity, which in most cases were within the limits of 
experimental error. 
Weetall et al. (170) used a 2% glutaraldehyde solution at pH 4.0 for 
10-20 mla uo inlllally sanitize columns of immobilized lactase on zirconia 
controlled pore glass which were treating acid whey. They reported that 
the treatment killed bacteria without destroying enzyme activity. Without 
the treatment, bacterial growth clogged columns and prevented flow. They 
also used a wash with dilute acetic acid on a weekly basis to prevent 
microbial contamination. 
Other sterilizants that could possibly be used are peracetic acid (l7l), 
diethyl pyrocarbonate (172), and p-propiolactone (173). Inhibitors used in 
bacteriological work to prevent bacterial growth are: 1 part formaldehyde 
to 1500 parts liquid, saturation with toluene or thymol, 0.1% ortho-cresol, 
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0.01% merthiolate, sodium azide, antibiotics, ozone, metaphen, ethylene 
oxide and propylene oxide, and sulfur dioxide (174). Some of these 
are inappropriate in a food related or producing operation. In any case, a 
bacteriastat compatible with Food and Drug Administration regulations would 
be required. The use of a specific sterilant must be determined for each 
application of an immobilized enzyme, 
2. Column pressure drop 
The pressure drop across the column reactor varied between 10 and 25 
psi during downflow operation at 1000 lbs/day glucose production, and 
stayed constant throughout continuous operation until the build-up of 
bacterial contamination after day 70, The wash with chloroform solution 
brought the pressure drop back down to the original value (Appendix l). 
For upflow operation the pressure drop was between 0,5 and 10 psi li indi­
cating an expanded bed condition. 
3, Column dispersion 
A brief test way ooriùucleà to ùeteïmine the uegree of dispersion in 
the immobilized enzyme column. The test was conducted by making a step 
change in the reactor inlet temperature and comparing the resultant 
temperature record of the inlet and exit points on the reactor. In 
addition, dispersion numbers for various flow conditions were calculated 
using the formula of Chung and Wen (175): 
G^Pe 0*48 , 
— = 0.20 + 0.11 (5.1) 
followed by 
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^ " i T T  ( 5 . 2 )  
Pe c 
where BL- is defined as the dispersion number, u is the interstitial fluid 
uLc 
velocity, dp is the particle diameter, is the column length, Npg is the 
Reynolds number 
beds (158). The results of the calculations are shown in Table IV. When 
Np^ > 0.2, the degree of backmixing does not significantly effect con­
versions when they are less than 90%. The calculated Peclet numbers are 
slightly higher and the dispersion numbers slightly lower than those found 
experimentally by Marsh (ll). 
The recorder traces of the reactor inlet and outlet streams during 
the step change in inlet temperature were virtually identical. This indi­
cates that the flow patterns in the reactor were very close to plug flow 
and far less than the level of dispersion that could cause a measurable 
effect on conversion. 
4. Effects of the heat of reaction on the reactor 
The effects of the heat of reaction for dextrin hydrolysis on the 
temperature in the column were observed at various flowrates and condi­
tions. The column was operated at 37 to 39°C, about 15°C above ambient 
temperature, and was lagged with 1 l/4 in. of Fiberyldb Insulation, so that 
it operated essentially adiabatically. During washings of the column 
with water at 40°C, both inlet and outlet temperatures were the same. 
When the column was operated with dextrin feed at the flowrate of 1000 ml 
per min, a temperature rise of 1.5 to 2°C was noted between the reactor 
inlet and outlet, while a temperature rise of about 4^0 was expected for 
h where G is the mass velocity, and z is 1 for fixed 
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Table IV. Calculation of dispersion numbers for immobilized enzyme column 
Flow Rate, Vol. Flow Rate, Linear Flow Rate, 
lb/day ml/min cm/sec Npe Npg ^ 
1075 1000 0.0653 0.389 0.900 0.000365 
805 750 0.0490 0.221 0.844 0.000389 
535 500 0.0327 0.147 0.813 0.000404 
320 300 0.0196 0.0885 0.781 0.000420 
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a heat of reaction of -1100 cal/mole (ll). At 700 ml per min, the tem­
perature rise was l^C, while at 500 ml per min, about a l/2°C temperature 
rise was recorded. These temperature rises are what were expected based on 
experiments by Marsh and Tsao (l76), who found a decrease of I/2 to 1°C 
in the temperature drop through the column reactor during reaction with 
15 DR dextrin or maltose compared to the same conditions with water only. 
D, Pilot Plant Operation with Pearl Starch 
Pearl starch was hydrolyzed to dextrin using two different a-amylase 
preparations and two different liquefaction techniques. The first tech­
nique involved the use of Novo Thermamyl-60 a-amylase added to the starch 
slurry in the mixing tank, and when higher dextrin DE's were desired, addi­
tional a-amylase was added to the hold tank after jet cooking was finished. 
The cooking procedure was similar to that reported by Slott et al. (177). 
The starch slurry mixture was fed to the steam jet and cooking coil, where 
it was maintained at 105°C for 4 min, during which time the starch slurry 
was pasted and partially liquefied. The material then passed to the 
holding tank for collection and further liquefaction. All material was 
cooked in the hold tank for at least 45 min at 85-87°C. The conditions 
and cooking times are shown in Table V. The dextrin DE's increased with 
increasing cooking times in the hold tank; and with increasing concentra­
tions of a-amylase. 
In the second method of starch cooking, starch slurry without a-
amylase was passed through the steam jet and coil, where it was held for 
3 min at 130°C. After passing into the hold tank, which was kept at 95°C, 
small amounts of Miles HT-1000 a-amylase were added at intervals of 15 to 
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Table V. Conditions employed to cook starch with Novo Thermamyl-60 
a-amylase 
Enzyme Added, Cooking 
g/lOO lb Starch Time, hr Initial Feed DE® Final Feed DE^ 
50 3.75 16.0 16.0 
50 3.75 16.4 16.4 
50 3.75 15.7 15.7 
55 6 16.8 22.0 
45 8.5 19.4 22.5 
65 8 22.4 24.0 
75 11.5 26.0 26.0 
150 21 32.7 32.7 
^Sampled after cooking was completed and pH adjusted to 4.4. 
^Sampled after autoclaving and filtering at column inlet. 
Starch slurry with a-amylase was made up to 3Û wt % and the pH 
adjusted to 6.5, CaClgVZ HgO (75 g/lOOO lb starch) was added. 
After 4 min at 105°C, the starch was collected and cooked at 
850C for the time indicated. 
30 min. After collection of the pasted starch was complete, a larger 
amount of HT-1000 was added to the tank to finish liquefaction and the tank 
temperature was lowered to 87°C for the required time. Occasionally during 
this period more HT-1000 was added. The total cooking times and amounts 
of enzyme necessary to achieve the various DE's are shown in Table VI. 
The DE's again increased with increasing cooking time and quantities of 
enzyme. 
Following preparation of the dextrin by either method, the dextrin 
was further hydrolyzed to glucose in the immobilized glucoamylase 
column at 40^0, yielding the results shown in Figures 26 and 27. Also 
shown in Figure 26 are the results of batch hydrolysis of the Thermamyl-60 
treated dextrin with soluble glucoamylase. Maximum glucose and DE values 
obtained with the free glucoamylase were slightly higher than those 
obtained when the same feed was treated in the immobilized enzyme column. 
As with the Thermamyl-60 treated dextrin, HT-1000 produced dextrin hydro­
lyzed with soluble glucoamylase gave higher glucose and DE than that 
hydrolyzed with immobilized glucoamylase (figure 27). In both systems, 
feeds of intermediate DE (22-28) gave the highest glucose and DE in 
the immobilized enzyme column, and the results were much more flow rate 
dependent than those obtained using the purchased acid hydrolyzed dextrin 
(Table II). 
In both systems, the optimum flow rate for maximum glucose per­
centage and DE decreased with decreasing feed DE. This result is not 
surprising in view of the larger average molecular size as the DE of the 
feed decreases. The larger molecules have the effect of decreasing the 
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Table VI, Conditions employed to cook starch with Miles HT-IOOG 
a-amylase® 
Enzyme Added. q/lQO lb Starch 
During After Cooking 
Collection Collection Time, Hr Final Feed DE 
12.5 32.5 1.5 14.4 
17.5 35 5.5 18.3 
7.5 45 3.3 22.6 
27.5 78.8 7.0 23.6 
13,75 72.5 21.5 24.6 
7,5 375 1 28.0 
27.5 425 30 31.5 
^Starch slurry was made up to 30 wt % and the pH adjusted to 6,9. 
ClCl2'2HaO (375 g/lOOO lb starch) was added. After 3 min at 130®C, 
the cooked starch was held at 95°C with a-amylase while being col­
lected. After collection was complete the temperature was dropped 
at 87°C and cooked further. Cooking time was the total length of 
time the starch was held. 
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Figure 26. Feed DE vs. product DE and glucose concentration for pilot 
plant immobilized glucoamylase hydrolysis of Thermamyl-60 
a-amylase hydrolyzed pearl starch. 
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overall effectiveness factor of the reactor because the larger 
molecules require longer time to diffuse into the immobilized enzyme 
carrier pores. 
When dextrin DE's above 30 were desired, the time required to 
reach the desired degree of hydrolysis with a-amylase increased 
faster than did DE. The excessive time at high temperature resulted 
in the production of much material in the dextrin that could not 
be hydrolyzed by glucoamylase. At long cooking time, the dextrin 
began to turn a dark amber-brown color, probably because reaction between 
protein (enzyme) and carbohydrates, called the Maillard reaction ( 3 ) ,  
was accelerated. One measure of the degree of unhydrolyzable material 
present was the amount of detectable maltulose in the dextrin. The 
maltulose concentration began to increase as the color began to darken. 
At low feed DE (10-15), the presence of retrograded starch (molecules 
of dextrin that recombine by hydrogen bonding and tend to precipitate 
from solution after thinning) lowered the conversion in the immobilized 
glucoamylase column. The retrograded starch also tended to plug the 
filters and the column. 
E. Effectiveness Factors and Modeling of Reaction with Immobilized 
Glucoamylase 
1, Estimation of effectiveness factors 
Effectiveness factors for the immobilized glucoamylase reactor were 
estimated by the method of Lee and Tsao (163). The estimates were made 
for feed dextrins of DE 16, 22,5, 26, and 32,5 produced by Thermamyl-60 a-
amylase starch hydrolysis, and for final glucose concentrations as shown in 
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Figure 26, The solution viscosities were estimated from graphs in 
Critical Data Tables (178), The bulk diffusivities of the feed dextrins 
and products were calculated at infinite dilution using the equation of 
Othmer and Thaker (l79) : 
Dga = (14.0 X 10-G) (5.3) 
where is the viscosity in centipoises and Vj_ is the molal volume, 
taken as the molal volume of the average molecule in solution and 
calculated using Schroeder's increments for additive volume for molal 
volumes at their boiling points (180) and by the equation of Wilke and 
Chang (l8l): 
Dia = 7.4 X 10^ [(0 Ma)2 T/^g Vi* '*]  (5.4 ) 
where T is absolute temperature in °K, jig is the solvent viscosity in 
centipoises, Mg is the molecular weight of the solvent, and 0 is an associa­
tion facLoi- fur une solvent (0 = 2.6 for water). The bulk diffusivities 
calculated were then averaged, and corrected for concentration using the 
equation of Bearman (l82): 
Vi \ T 
— - ij Xi + l ô(ln aj)/ô(ln xj ^ ^  Di2 - (Di*)c^=o (5.5) 
where is the average bulk diffusivity calculated above, [ig is the 
solution viscosity in centipoises, and Vg are the molal volumes of 
solute and solvent, ô/(ln a^)/è(ln x^) is the deviation from ideality 
(taken as l), and is the mole fraction of substrate in solution. The 
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effective diffusivity in the carrier pore was calculated using eq. 5,6 
(159) 
Deff = D8/T (5.6) 
using 0 = 0.76 (124)andT = 2.5 (183), where D is the bulk diffusivity, 
9 is the porosity, and T is the tortuosity. The Theile modulus (160) 
for each feed and the product was calculated using the equation (ll) 
#s " ^ ^ \'^eff (5.7) 
with R = 0.02375 cm 
= 60 mg/min • cm® for dextrin 
K ' = 1 mg/cm® 
m 
V ' = 20 mg/min • cm® for maltose . 
m 
The values of g, (K^'/b^), used in obtaining effectiveness factors 
from Figure 1 were calculated using the molar concentrations 
of substrate based upon chromatographic analyses of the dextrins 
and products. The results are shown in Table VII. The calculated 
effectiveness factors are in qualitative agreement with the experimental 
results. 
2. The effect of pore diffusion limitation on the products of enzymatic 
dextrin hydrolysis 
As shown in section B, it has been found that under identical 
conditions of temperature, pH, and substrate concentration, soluble 
glucoamylase always gave equal or greater yields of glucose than the 
Table VII. Effectiveness factor calculation^results 
Feed 
DE 
Final 
DE 
Viscosity, 
cp 
In Out 
Avg. Mol. Wt 
(excluding 
glucose) 
In Out 
Effective 
Diffusivity, 
en? /min x 10® 
In Out Pin ^out ^s in ^s out ^in 
^out ^avg 
16 95.4 7.5 2.3 1331 1028 0.431 4.7 0.0045 0.11 89.5 15.5 0.55 0.68 0.62 
22.5 96.0 3.5 2.3 1062 596 1.0 4.7 0.0036 0.11 58.2 15.5 0.94 0.68 0.815 
26.0 96.4 3.1 2.3 982 549 1.44 4.7 0.0034 0.13 50.4 15.5 1.00 0.65 0.85 
32.0 94.8 2.5 2.3 879 51E; 1.77 4.7 0.0032 0.047 44.2 15.5 1.00 0.95 0.97 
^Calculation Parameters 
Particle size - 30 - 45 mesh (360-590 |.im) 
Pore Diameter - 400 A ± 10% 
Composition - SiOg ceramic 
Bed Porosity - 0.285 
Particle Density - 0.748 g/cip® 
Bulk Density - 0.534 g/cicP 
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immobilized enzyme. It was suggested at that point that the differences 
arise because of a higher concentration of glucose in the pores of the 
enzyme support than, in the bulk solution. If pore diffusion were slow, a 
gradient would be set up inside the carrier to allow the product glucose 
to diffuse out of the pores. The result of the higher pore concentra­
tion of glucose would be to allow reversion reactions (glucose repoly-
merization) to take place to a greater extent than occurs with the 
soluble enzyme. 
Also, as shown in Section B, Figures 18-25, the maximum 
maltose concentration during dextrin hydrolysis was always less when 
using immobilized glucoamylase compared to the soluble enzyme. The 
figures show that the initial dextrin composition (DE) has a marked 
effect on maltose concentration, whereas the temperature of hydrolysis 
has very little effect. 
In order to elucidate these observations, a model of dextrin 
hydrolysis within a porous carrier was formulated. 
a. Model description Rate equations were set up for each 
specie of maltooligosaccharide contained in the feed dextrin from 
(polymer of glucose containing 10 glucose moieties) through maltose 
for hydrolysis to p-glucose (3Gj_) and the oligosaccharide containing 
one less glucose unit (Table VIII). The equations used Michaelis-
Menten type kinetics with a multiattack mechanism (184). Maltose 
hydrolysis was the only reversible reaction modeled, as it has been 
shown by several authors (186-189) that maltose hydrolysis by gluco­
amylase is reversible. 
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Table VIII. Hydrolysis model 
1. Oligomer hydrolysis 
kg 
E + Gx 2 EG, -+ E + G(x_i) + PG, 
ks 
rate equation: 
V .G 
V = — where V = kgE. 
K +GL max ^ t 
m X 
_ kg + kg 
2, Maltose hydrolysis 
ki k; 
E + Gg 2 EGg # EGi # Gi + E 
kg k\ kg 
rate equation: V^G,-G,.@GrKeq) 
' P"^! "*^2 "^1 "^3 'Ga'PGi+K^'Gi' 
«h«®= Km - k/k'*]) ; Keq " kik^k] 
kg k* (kg+kgïkg 
K, = ; Kg = 
ki(k3+kg) (k3+ks)ki 
K = —^  . K = kjkg 
^ (ka-Hcg) ' * kitkg+kg) 
3, Glucose mutarotation 
kp 
aGi # pGi 
k 
a 
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Table VIII. (continued) 
rate equation: 
rmu = kpGi " + kp)(BGi). 
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Hehre et al. (185,186) have shown that maltose, isomaltose, malto-
triose, isomaltotriose, and higher oligimers of glucose result from 
the reversion reactions of glucoamylase, Hehre et al. (1816) has also 
shown that the initial reversion reaction requires a molecule of 
p-glucose and a second molecule of a-glucose or p=glucose. Since the 
primary goal of the model was to calculate the concentrations at 
fairly low bulk glucose concentrations, only the initial reversion 
reaction of p-glucose + a,3-glucose-»maltose (which was shown by Hehre 
et al. (186) to be several times as rapid as that of any other rever­
sion reaction) was modeled. In addition, the first-order mutarotation 
of p-glucose to a-glucose was considered (190). Tables VIII and IX show 
the model and the parameters usod in the model. 
Differential equations describing pore diffusion with 
enzymatic reaction were derived as. shown below. The pores were 
assumed to be cylindrical and radiating out from the spherical particle 
center. The basic diffusion equation was written for each component 
and the reaction tenu aùueù. For cxample, fer the diffusion 
equation is s 
Letting x = § = normalized radial distance from the center of the particle, 
the equation for Gjo, which is the concentration of all species d.p, 10 
and larger, becomes 
(fGio ^  2 dGio ^  vio 
di^ r dr 
(5.8) 
where Vj© 
I l l  
Table IX, Model parameters 
1. Conditions - pH 4,4, 45°C, Maltrin-25 feed 
2. Equation constants 
Effective Diffusivity,'^ Km," ^max'^ 
Gi cnf/min x ICP mM mg/crf ^ \axG, ^ 
4. V 
Gi 120 5.6 1 
Gs 47.1 3.0 1 10 
Ga 22.4 2.0 1 50 
G* 15.4 1.5 1 100 
GB 9,27 1.2 1 100 
Gs 6.25 1.0 1 100 
G? 3.80 .0.87 1 100 
2.12 0.76 1 100 
Gs 1.08 0,68 1 100 
Gio 0.60 0.61 1 100 
Equation Constants: 
kp(aGi-^Gi) = 0,02785 min"^ 
kQ^(gGi-KxGi) = 0,01635 min"^ (kg^+kg) = = 0.0442 min"^ 
Kgq — 0,345 a 10"* crû®/my 
Kj = 7,1 X 10"® 
Kg = 7.1 X 10"® 
Kg = 1.64 X 10"^ cm®/mg 
= 4,6 X 10~® cm®/mg 
^Effective diffusivities calculated according to section (5.E.1), 
^K^'s given and estimated from references (2,6-9,11). 
^^max's given and estimated from references (2,6-9,11). 
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Table IX. (continued) 
Cases tested using model: 
mq G 
^maxGio ~ 100, 200 min«cm® 
Reactor space time tested: 
1. Column entrance 
2. 2.4% of total space time 
3. 5.0% of total space time 
4. 17.0% of total space time 
5. 25.0% of total space time. 
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^10 \ 
Kmio *^10 / 
(5.9) 
n3 y 
where 0^ = !H2il (modified spherical Thiele modulus) . 
Deffj 
(5.10) 
For d.p. 9 through d. p. 3, the equation includes formation from the 
next higher oligomer: 
d®G, 
— 1 + 2 ^  
dxP ^ dx 
= 0i 
Gi max i+1 ^i+l 
^mj^"*^i ^ma> MWi+i Xmi^-i^iH-l 
(disappearance of G^) (production of G^) 
(5.11) 
Vmoy. 
w h e r e  — i s  t h e  r a t i o  o f  m o l e c u l a r  w e i g h t s  o f  G;/G4+t and 
M^i+i ^maxi 
is the ratio of maximum hydrolysis rates of to G^. 
For Gg hydrolysis, where a reversible reaction occurs,the equation is: 
Gg-pGi'Gi'K 
Kni^-K^a+iq-gGy-^B-Gi+Kg-Ga-pG^-HC^-Gi • pGj 
'max. i . MW2 , Gg 
Vmaxg MW3 
(5.12) 
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The equation for pGj^ production by hydrolysis of all oligimers isi 
1?""; dx - D effG 
(RATE 10) • MWIO 
+ iRAlE 9) + (RATE 8) 
+ (RATE 7) • ~ + (RATE 6) • # 
MWG 
+ (RATE 5) • + (RATE 4) 
+ (RAIE 3) • =5 (MTE 2) • SI -'1 
+ Rate Mutarotation (5.13) 
where RATE i = y^axi i  = 3 - iq  
Kmi + Gi 
(5.14) 
and PGg/Cg is the ratio of p-maltose to total maltose, 
'max„' (Gi-gGi'Gi'Kgq) 
RATE 2 = 
Kmg-+G2-H(i.pGi-H(2'Gi4K3.G2.eGi-H(4'Gi.pGi 
(5.15) 
and Rate Mutarotation = [(G^) (0.02785) - (PG^) (0.0442)] . (5.16) 
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The equation for total glucose production varies only for glucose pro­
duction from maltose where the two terms in Eq. 5.15 are combined as : 
(2) (rate 2) and the term for mutarotation is left out, leaving: 
dx X dx Dgffg 
(RATE 10) MWIO (HATE 9) . » 
MWG 
+ (RATE 8) . jg 4. (RATE 7) - jjgy + (RATE 6) 
+ (RATE 5) MW5 + (RATE 4) MW4 + (RATE 3) • in 
. , V MWG 
+ 2 (RfiTE 2) * MW2 (5.17) 
Ihcsco onno+innc o-rn nnn-linoa^ ci mi 1 I f 1 c cornnH 
order differential equations with boundary conditions for each as ' 
follows: 
dGi 
B.C. 1 âx x=Û = 0 the slope is zero at the particlo ccntcr for each 
specie. (5.18) 
B.C. 2 G; - Gg. 
x-1 
the concentration at the pore 
mouth (particle surface) is 
equal to the bulk concentration 
for each specie, (5,19) 
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The equations with boundary conditions were then solved numerically on 
a PDP-11-40 DEC computer using,Hamming's Modified Predicter-Corrector 
method of integration, as developed for computer applications (l9l). 
The computer program requires first order differential equations; 
therefore, all of the second order equations were converted to two 
first order equations as shown below: 
! • «  RATE i 
^maxj+i \ / ^^i \ 
^maxi /  j  
(RATE i+1) (5.20) 
rlG-
Let , then 
(5.21) 
dDj 
dx 
= 0i 
2(Di) (5.22) 
with boundary conditions: = 0, x = 0 
(5.23) 
- *^1? X = 1 . 
The other equations were converted in the same manner. The integra­
tion is initiated by guessing a value of at the particle center (x=0), 
and performing the integration, comparing the resultant Gg^'s to the 
known values, then modifying the initial guess, and finally iterating 
until the calculated value is within some error limit of the the true 
value. One complication in the calculations occurs when x = 0. 
Equation (5.22) calls for a division by x, which is zero. The equations 
are therefore modified at x = 0 according to 1'Hospital's rule to yield: 
for eq. (5,22) (^^i 
at X = 0 dx 
= RATE i - ' (^ATE i + 1 /3 . (5.24) 
The other second derivative equations are modified in the same way. 
Another modification to the equations to simplify the calculations was 
the addition of a step function parameter into the equations for Gj^Q-Gg 
hydrolysis. This enabled the concentration of a species to be equal to 
zero until a specific value of x, the dimensionless distance, was reached. 
Since the calculated concentration at the point where the step function 
changed values was on the order of 10"^° mg/cm®, integrating with concen­
trations lower than this was time consuming on the computer without 
affecting the model's accuracy. 
The starting bulk composition for each set of calculations was derived 
from the chromatographic analysis of a batch immobilized glucoamylase 
hydrolysis of a DE 25 dextrin at various reaction times. 
b. Computer simulation results By varying the maximum reaction 
velocity for the hydrolysis of dextrin by immobilized glucoamylase 
(equivalent to varying enzyme loading, different specific soluble enzyme 
activities, or various periods of time during the decay of the enzyme 
activity), while keeping the relative rates for each oligomer constant 
as shown in Table IX, a simulation of the hydrolysis of dextrin 
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inside the carrier pore at various points in a reactor was conducted. 
The computer-generated concentration profiles are shown in Figures 
28-37. As maximum reaction rates (V^ax) increase, each of the higher 
oligomers penetrates a shorter distance into the catalyst pore. Maltotriose 
and maltose, on the other hand, increase and then decrease in average 
intraparticle concentration with increasing At intermediate rates 
(Figures 30=32), a peak in maltotriose concentration occurs a fraction of 
the distance into the pore. At higher rates = 50, 100, 200 mg/ 
min»cm^ IME) shown in Figures 31-33, maltose concentrations also peak. 
The maximum maltose concentration decreases and the location of the 
peak moves toward the particle surface. The concentration also 
approaches zero toward the center of the pore as is increased. 
The concentration of glucose increases at the particle center with 
Increasing while at any it increases from the pore surface 
toward the center. The ratio of g-glucose to total glucose increases 
beyond its equilibrium value as the particle center is approached, 
and as v is lacieaseu. For example, in Figure 33; the ratio of 
p-glucose to total glucose at the particle center is 0.78 versus 0.63 at 
equilibrium. 
When dextrin hydrolysis was simulated at bulk conditions charac­
teristic of mixtures already partially hydrolyzed (Figures 34-37) intra­
particle concentrations of all components except glucose decreased 
markedly. Concentrations of glucose increased greatly, but as can be 
seen in the figures, the gradient inside the particle becomes flatter 
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as the residence times increases. The g-glucose concentrations remained 
well-above equilibrium and above the bulk concentration because of 
reaction at the lower residence times and consequent slow mutarotation 
to a-glucosG. 
3, Discussion of model results 
The model was developed to attempt to explain whether intraparticle 
concentrations of glucose and its subspecies, g-glucose, were sufficiently 
higher than bulk concentrations to cause an increased production rate of 
reversion r.eaction products. The chief reversion product formed by 
glucoamylase is isomaltose (185-189). Hehre et al. (185-186) have 
demonstrated that the initial reversion reaction catalyzed by glucoamylase 
requires one molecule of g-glucose and a second of a- or P-glucose. There­
fore, both slow diffusion of the product glucose out of the enzyme carrier 
pores and slow mutarotation of g-glucose formed by dextrin hydrolysis to 
a-glucose in the pores could lead to elevated levels of reversion products. 
^9c?.v,littis is known ?.bou't ths kinstles of th0 initiai rovsrsion 
reaction itself, it was not included in the formulated model. The figures 
show, however, that during glucose formation at the highest rate (near 
the reaction inlet or at low residence times) the glucose and p-glucose 
intraparticle concentrations were well above those in the bulk, and 
p-glucose was well above its equilibrium value (63% of total glucose), 
indicating that significant quantities of reversion products were being 
formed well before maximum glucose concentrations were approached. 
At lower glucose production rates (longer residence times), the 
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deviations between intraparticle and bulk concentrations of glucose and 
p-glucose decreased. In addition, the difference between the |3-glucose 
intraparticle concentration and its equilibrium value decreased. How­
ever, then both glucose and p-glucose are very high, leading to a high 
rate of reversion reactions. 
The simulation lends support to the thesis that small but noticeable 
increases in reversion product formation are caused by increased levels 
of glucose and p-glucose in the enzyme carrier. Several authors (lO, 
186-188, 192) report that both high glucose concentrations and high 
enzyme concentration lead to more reversion products (i.e. isomaltose) 
being formed under hydrolysis conditions, which also lends support to 
the thesis. 
The second question that the computer simulation sought to explain 
was the difference in maltose concentrations observed during the course 
of reactions with soluble and immobilized glucoamylase. This can be 
explained by differences in the intrapa±ticle concentrations of maltose 
and maltotriose from those in the bulk. For example, in Figure 31 the 
average intraparticle maltose concentration was above that in the bulk, 
and the maltotriose level was lower. This indicates that in the carrier 
pore, maltose formation would be slower than the bulk because of the lower 
maltotriose concentration; and the formation, of glucose from the maltose 
would proceed at a faster rate than if the enzyme were in solution at 
the same activity. This behavior was noted experimentally during the 
early stages of dextrin hydrolysis by free and immobilized glucoamylase 
in almost all cases. 
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As the reaction proceeds, both maltose and maltotriose are found 
in lower average concentrations in the carrier pores than in the bulk 
solution. This would load to a drcrcusr in the diffcronces botween 
the free and immobilized enzyme maltose concentration. As shown in 
Figure 18, this is what has been found experimentally, as the excess 
maltose formed by the soluble enzyme is hydrolyzed at an accelerated 
rate. 
It has been shown experimentally by Lee (167) that as particles 
becomes smaller, the effects of pore diffusion limitations decrease 
as expected, resulting in hydrolysis patterns close to those obtained 
with soluble glucoamylase. Therefore, the slow pore diffusion of substrate 
and product apparently cause the differences noted between hydrolysis with 
soluble and immobilized glucoamylase. 
F. Stability of the Pilot Plant Immobilized Enzyme Column 
The glucoamylase column was operated for 80 days at 38°C with 
30 wt % acid-thinned dextrin feed, most of the time at flow rates 
of 500 and 1000 lb/day glucose production rate. During this period 
there was no loss of activity. Little or no apparent loss of 
activity was noted during alternating refrigeration and operation 
with Thermamyi-oO thinned dextrin. With dextrin treated with 
HT-1000, however, some loss of activity was noticed, as flow rates 
required for highest yields had to be decreased somewhat. Since 
there was not an appreciable difference in composition between 
acid- and enzyme- thinned dextrins of equal DE's, it seems likely that 
the change of activity was caused by either enzyme deactivation or 
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a blockage of the carrier pores. The latter is the more likely explana­
tion, since the dextrin treated with HT-1000 was often not completely free 
of uncooked and retrograded starch, some of which passed through the filters 
and was trapped by the glucoamylase column. Indeed, this caused the 
column at one time to completely plug up. 
A determination of the total activity loss in the column was made 
using the original column feed, Staley 24 DE dextrin. The enzyme had 
lost 25% of its initial activity after 80 days of continuous operation 
and intermitant storage and use with enzyme thinned dextrin over a period 
of 14 months. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
A. Conclusions 
The research studies performed on the soluble and immobilized 
glucoamylase lead to the following conclusions: 
1. Immobilized glucoamylase prepared by glutaraldehyde binding 
of the enzyme to porous silica produces an extremely stable system 
at both laboratory and pilot plant scale. Activity at 40°C was 
lost only by a probable plugging of the carrier pores with gelantinized 
starch substrate. Microbial contamination at 40% was controllable in the 
pilot plant reactor at very low levels, and could be reduced when it 
increased by periodic flushings with a saturated solution of chloroform 
in water. 
2. A processing scheme for converting dextrin solutions to glucose 
solutions which is both simple to operate and continuous has been demon­
strated, both in extended periods of operation and during periods of 
frequent startup-shutdown operation. 
3. The production of 94% glucose and 96 DE dextrose syrup from 
a-amylase thinned corn starch in a continuous packed bed immobilized 
enzyme reactor has been demonstrated. 
4. The type of dextrin feed employed with glucoamylose has a 
strong effect on the final glucose yield and DE. Corn starch thinned 
with only a-amylase gives the highest yields, while complete acid 
thinning gives the lowest yields, with a mixture of acid and enzyme 
thinning in the middle. 
5. The degree of hydrolysis during thinning also has an effect 
on product yield when immobilized glucoamylase is used. Low DE feeds 
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cause lower yields unless residence times are increased, since the long 
oligosaccharides present diffuse into the porous carrier structure more 
slowly than the shorter chains characteristic of higher DE feed dextrins. 
This phenomenon does not occur when the soluble enzyme is employed. How­
ever, at feed dextrin DE's above 25 yields with both soluble and immobi­
lized glucoamylase decrease because of byproduct formation during thinning. 
6. At all conditions tested, the soluble glucoamylase gave yields 
equal to or greater than those obtained using the immobilized gluco­
amylase, although the difference was rarely greater than 1.5% glucose 
or 1,5 DE units. 
The difference was shown to be caused by the presence of glucose 
in the carrier pores of the immobilized glucoamylase in higher concen­
trations than those in the bulk solution. This leads to a higher rate 
of formation of reversion products such as isomaltose. 
B, Recommendations 
The following recommendations are made for future work with immo­
bilized glucoamylase and other enzymes : 
1, The next phase of development for the immobilized glucoamylase 
reactor would be a full industrial size system, 
2, Special care should be taken to include in any design for an 
immobilized enzyme system the capability for microbial contamination 
control, 
3, The influence of intraparticle diffusion control on the reaction 
must be held to a minimum, balanced against the particle size necessary 
for good fluid flow characteristics and acceptable pressure drops across 
the reactor. 
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VII. NOMENCLATIJRE 
a immobilized enzyme activity, units/Vl't 
c substrate concentration in solution, M/l° 
D bulk diffusivity, L^/t 
D]^ dispersion coefficient in eq. (5.2), /t 
effective volume diffusivity, /t 
dp particle diameter, L 
DE dextrose equivalent 
E enzyme concentration in solution, m/l° 
ES enzyme-substrate complex concentration, M/L® 
total enzyme concentration, M/l^ 
Eq Component in effectiveness factor equation defined by 
equation (3.25), dimensionless 
El Component in effectiveness factor equation defined by 
equation (3.24j , dimensionless 
G superficial mass velocity, M/L^*t or glucose concentration, 
m/L^ 
concentration of the oligomers of glucose, where n is integer 
describing the number of glucose units contained in the 
molecule, M/L^ 
hg component in effectiveness factor equation defined by 
equation (3.28), dimensionless 
kpi enzyme reaction raie coefficient where n is an integer 
describing the reaction step involved, t"^ 
kj first order enzyme decay constant, t"^ 
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velocity constant for immobilized enzyme; reaction based 
on a unit volume of catalyst, M/t*L° 
Kg equilibrium constant for enzyme reaction defined by 
u 
eq. (3.6), L®/lVi 
3 Michael is constant for free enzyme, M/L' 
local Michaelis constant for immobilized enzyme, m/l® 
Kp Michaelis constant for enzyme reaction product, M/L® 
Kg Michaelis constant for enzyme reaction product, M/L® 
immobilized enzyme velocity constant, M/t 
Ki lumped reaction coefficient defined for eq. (3.6), dimensionless 
Kg lumped reaction coefficient defined for eq. (3.6), dimensionless 
Kg lumped reaction coefficient defined for eq. (3.6), L°/m 
K^ lumped reaction coefficient defined for eq. (3.6), 
Lg reactor length, L 
m reaction order 
Npe Peclet Number (udp/o^), dimensionless 
Nn. Revnolds number (d^ G/u'i. riimenpinnl pps IVC ' • p ' • ' ' 
P enzyme reaction product concentration, M/L^ 
Q enzyme reaction product concentration, M/L^ 
r radial distance from particle center, L 
R support particle radius, L 
S enzyme reaction substrate concentration, M/L^ 
s initial or bulk substrate concentration, m/l^ 
t elapsed time or reaction time, t 
interstitial liquid velocity in a packed column, L/t 
Vq catalyst volume, L' 3 
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V , V maximum forward reaction velocity in enzyme reaction, HI ill ci X 
M/L®'t 
maximum reverse reaction velocity in enzyme reaction, 
M/L® «t 
intrinsic reaction rate for immobilized enzyme, M/L®*t 
X r/k, dimensionless radial distance 
y S/Sg, dimensionless substrate concentration in catalyst pore 
z axial distance along a reactor, L 
Greek letters; 
P , dimensionless Michaelis constant 
Pi K^/s, defined by equation (3,26), dimensionless 
Y llE , volume of catalyst per unit volume of reaction solution, 
e 
dimensionless 
e external void fraction in packed bed reactor, dimensionless 
T] effectiveness factor, dimensionless 
6 internal particle porosity, dimensionless 
|_i viscosity of fluid, Nl/l't 
p r/R, dimensionless radial distance 
Pg factor defined by equation (3.21), dimensionless extinction 
radius 
T tortuosity, factor in equation defining effective diffusivity, 
dimensionless 
diffusional kinetic modulus, R , dimensionless, 
or modified modulus ^^max^^/^eff' (spherical geometry) 
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diffusional kinetic modulus defined by equation (3.22), 
dimensionless (flat plate geometry) 
factor defined by equation (3.27) 
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X. APPENDIX 1 
Table X. Immobilized glucoamylase stability test at 550C, pH 4,5, and 
Maltrin-15 feed. 
Elapsed 
Time, Concentration, wt % dry basis Flow Rate, 
hr G3 Gg G DE ml/hr 
34 9.0 1.2 89.6 91.4 270 
37 8,5 1.6 89.9 91.6 550 
40 9.9 3.2 86.9 89.8 270 
47 12.6 2.4 85.0 87.9 270 
56 10.0 1.2 3.4 85.4 88.8' 270 
58 10.8 0.4 3.2 85.6 88.5 550 
61 2.5 0.4 4.4 92.7 95.4 113 
64 4.2 0.7 5.2 89.9 93.3 113 
78 13.7 1,6 3.3 81.4 85.0 270 
80 14,1 1.1 3.2 81.6 85.2 550 
85 9.3 0,7 2.6 87.4 89.9 270 
101 10,1 0.5 3.0 86.4 89.2 270 
103 11,9 0.6 2.3 85.2 87.9 550 
107 4.9 0.1 4.6 89.8 92.9 113 
125 10.8 0.6 3.0 85.6 88.5 270 
127 15.8 1.9 4.2 78.1 82.8 550 
133 10,5 0.9 3.4 85.2 88.4 270 
149 11.2 0.5 3.6 84.7 86.8 270 
150 14.7 1.4 3.3 80.6 84.3 550 
153 5,4 0.5 4.7 89.4 92.5 113 
174 9.3 0.9 3.4 86.4 89.4 270 
180 12.2 1.3 4.6 81.9 86.0 550 
186 11.5 1.2 4.1 83.2 86.9 270 
198 9.8 0,6 3.0 86.6 89.3 270 
200 11.0 0.6 2.8 85.6 88.4 550 
204 6.2 0.8 4.4 88.6 91.8 113 
210 4,1 1.4 6.9 87.6 92.1 45 
222 11.5 1.3 4.0 83.2 86.9 270 
224 10.2 1,0 4.2 84.6 86.3 550 
234 14.9 1.0 2.7 81.4 84.8 270 
246 14.5 0,8 1.9 82.8 85.6 270 
248 17,8 1,0 2.8 78.4 82,1 550 
252 5,7 0.8 3.6 88.9 91.7 113 
258 14,6 0,9 2.7 81.8 85.0 270 
272 15.2 1,0 3.0 80.8 84.2 270 
274 16.0 1,0 2.7 80.3 83.6 550 
294 15.5 1.0 3.1 80.4 84.9 270 
296 17.8 0,7 2.1 79.4 82.6 550 
r ime 
hr 
300 
318 
324 
342 
352 
354 
368 
370 
392 
396 
398 
414 
420 
438 
440 
444 
462 
464 
486 
491 
494 
510 
512 
534 
540 
542 
559 
564 
582 
584 
588 
606 
609 
631 
633 
637 
654 
656 
113 
550 
270 
550 
270 
113 
550 
270 
550 
270 
550 
113 
270 
550 
270 
113 
550 
270 
550 
113 
270 
550 
270 
550 
270 
550 
113 
270 
550 
270 
550 
113 
270 
550 
156 
(continued) 
Concentration , wt % dry basis 
G4+ G3 Gg G DE 
7.8 0.7 3.5 88.0 90.8 
18.6 1.0 3.0 77.4 81.3 
16.7 0.4 1.7 81.2 83.9 
15.3 0.7 1.8 82.2 85,0 
6.9 1.0 2.5 89.6 91.8 
19.7 1.0 2.3 77.0 80.5 
17.8 0.6 2.7 78.9 82.4 
16.9 0.8 3.2 79.1 82.6 
17.2 0.7 2.5 79.6 83.0 
9.6 0.9 4.2 85.3 88.8 
13.8 0.6 3.6 72.0 76.9 
19.3 0.7 3.2 76.8 80.9 
22.2 0.9 4.0 72.9 77.7 
17.7 0.7 3.2 78.4 82.1 
22.7 0.8 3.9 72.6 77.6 
10.4 0.5 3.9 85.2 88.6 
16.7 0.6 2.0 80.7 83.6 
18.4 0.5 2.6 78.5 81.8 
16.6 0.5 2.7 80.2 83.6 
10.8 0.7 3.2 85.3 88.4 
18.5 0.8 1.5 79.2 82.1 
18.5 0.6 1.5 79.4 82.4 
17,9 0.4 1.8 77.9 81.0 
9.4 0.4 2.8 87.4 90.0 
18.5 0.8 1.9 78.8 82.0 
20.7 0.6 1.9 76.8 80.1 
20.1 0.5 1.8 77.6 80.8 
19.7 0.5 2.6 77.2 80.8 
18.6 0.4 1.8 79.2 82.2 
19.0 0.4 2.4 78.2 81.5 
8.7 0.5 2.2 88.6 90.7 
19.6 0.5 1.8 78.1 81.2 
20.4 0.7 2.3 76.6 80.2 
19.8 0.6 2.2 77.4 79.9 
20.3 0.8 1.7 77.2 80.4 
8.5 0.4 2.3 88.8 91.0 
21.9 0.9 2.3 74.9 78.8 
21.6 0.7 2.9 74.8 78.7 
19.7 0.9 1.6 77.8 81.1 
19.8 1.1 3.4 75.7 80.0 
8.4 0.4 1.8 89.4 91.3 
20.4 0.9 1.2 77.5 81.1 
T ime 
hr 
726 
732 
750 
774 
780 
799 
822 
828 
846 
868 
872 
894 
918 
925 
942 
968 
974 
990 
994 
1002 
1014 
1038 
1050 
1063 
270 
113 
270 
270 
113 
270 
270 
113 
270 
113 
270 
270 
113 
270 
270 
113 
270 
113 
270 
270 
113 
270 
270 
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(continued) 
G4+ 
Concentration, 
G3 
wt % dry basis 
Gg G DE 
20.3 0.4 3.1 76.2 80.3 
21.2 0.6 2.1 86.1 88.4 
21.0 1.0 3.0 • 75.0 79.0 
20.9 0.9 2.4 75.8 79.5 
12.1 0.6 2.7 84.6 87.5 
20.3 0.9 2.6 76.2 70.0 
18.0 0.8 2.4 78.8 82.1 
11.9 0.6 2.3 85.2 87.8 
22.0 1.2 4.6 72.2 77.3 
10.0 0,7 2.4 86.9 89.3 
23.1 1.1 3.4 72.4 77.0 
21.3 0.6 2.1 76.0 79.5 
13.1 0.7 3.0 83.2 86.5 
20.1 0.6 3.6 75.7 79.8 
19.6 0.7 2.7 77.0 80.7 
11.5 0.4 1.2 86.9 88.9 
20.8 0.8 3.1 75.3 79.3 
10.8 0.3 2.5 86.4 89.0 
25.8 0.7 3.2 70.3 75.1 
23.4 0.6 3.1 72.9 77.1 
12.9 0.5 1.3 85.3 87.6 
24.2 0.3 3.8 71.7 76.2 
25.2 1.0 4.4 69.4 'H# 1 
14.9 0.3 1.5 83.3 85.8 
Tin 
hr 
3 
12 
20 
24 
37 
48 
61 
71 
84 
96 
107 
120 
132 
144 
155 
168 
180 
192 
205 
216 
228 
240 
252 
264 
276 
288 
300 
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Immobilized glucoamylase stability test at 60°C, pH 4.5, 
Maltrin-20 feed, and 180 ml/hr flow rate. 
Concentration , wt % dry basis DE 
0^+ G0-G4 G3 Gs G 
7.1 2.5 1.1 4.5 84.8 88.6 
8.6 1.8 0.8 3.9 84.9 88.4 
10.2 2.0 0.8 4.0 83.0 • 85.5 
9.2 1.7 1.0 3.9 84.2 87.6 
10.0 1.1 0.6 3.0 85.3 88.2 
12.3 2.5 1.0 3.6 80.6 84.4 
13.0 2.4 1.2 3.7 79.7 83.5 
13.2 2.7 1,0 3.0 80.1 83.6 
13.2 3.3 1.0 3.8 78.7 82.6 
15.4 2.0 0.8 3.6 78.2 82.1 
15.2 3.3 1.2 3.8 76.5 80.8 
18.4 2.2 0.5 3.2 75.7 79.5 
17.0 4.5 0.9 3.8 73.8 78.2 
18.6 3.3 1.0 4.0 73.1 77.8 
17.3 5.2 2.0 6.9 68.6 75.1 
20.5 3.0 0.6 5.5 70.4 76.0 
19.1 3.7 2.8 6.8 67.6 74.2 
20.0 3.4 1.0 6.1 69.5 75.3 
22.2 3.1 0.6 7.4 66.7 73.3 
20.3 4.3 2.4 7.7 65.3 72.6 
19.7 6.9 1.8 8.7 62.9 70.8 
20*2 5.1 1 ^  9.7 61.@ 7 0 .  3  
20.0 3.8 2.0 8.9 65.3 72^9 
21,5 4.9 1.2 9.6 62.8 70.8 
22.0 4.9 2.1 11.2 59.8 68.8 
22.1 4.4 1,0 9.9 62.6 70.8 
22.6 4.2 2.0 11.2 60.0 69.0 
159 
Table XII. Immobilized glucoamylase stability test at 65°C, pH 4.5, 
Maltrin-20 feed, and 180 ml/hr flow rate. 
Elapsed 
Time, Concentration, wt % dry basis 
hr Gg^  Gg -G^  Gg Gg G DE 
1 11.8 8.2 1.0 4.6 74.4 79.5 
3 9.8 4.2 0.7 4.0 81.3 85.2 
5 10.4 1.1 0.4 3.1 85.0 87.9 
7 11.8 3.6 1.6 4.0 79.0 83.3 
15 13.9 3.2 1.3 3.8 77.8 82.0 
17 15.0 1.4 0.5 2.7 80.4 83.6 
20 16.4 1.3 0.7 3.6 78.0 81.8 
22 13.6 2.3 0.9 3.6 79.6 83.5 
24 14.8 2.1 0.9 3.2 79.0 82.8 
27 15.6 1.9 1.4 2.8 78.0 81.8 
30 18.2 2.3 1.0 4.5 74.0 78.7 
32 18.3 3.7 1.2 5.0 71.8 77.2 
39 20.9 3.3 0.8 6.6 68.4 74.7 
42 20.3 5.2 1.8 8.6 64.1 71.9 
45 21.1 4.7 1.0 9.1 64.1 71.8 
47 22.0 3.0 0.9 7.7 66.4 73.1 
49 22.0 6.4 1.3 10.9 59.4 68.5 
51 21.2 4.3 1.2 12.1 61.2 70.2 
54 25.8 6.0 1.9 12.7 53.6 63.9 
56 23.5 7.5 1.8 12.6 54.6 65.0 
63 25.8 6.7 1.2 15.5 50.8 62.6 
64 23.8 8.0 1.3 15.3 51.6 63.3 
66 24:6 3:9 1:1 15.8 54.6 65.9 
b9 24.5 5.4 1.2 14.9 54.0 65.2 
71 25.9 3.0 0.8 14.9 55.4 66.2 
73 27.9 4.5 1.6 16.5 49.5 61.8 
76 28.5 5.8 1.9 17.0 46.8 59.8 
78 28.1 3.8 2.0 17.6 48.5 61.4 
81 23.4 6.4 1.8 14.8 53.6 65.0 
88 31.1 5.2 4.0 17.3 42.4 56.4 
90 29.3 4.2 3.5 15.4 47.6 60.1 
92 30.4 7.1 5.3 16.8 40.4 54.8 
94 30.3 6.1 5.2 16.6 41.8 55.9 
96 32.3 5.7 5.7 16.5 39.8 54.1 
99 31.6 7.1 6.5 17.9 36.9 52.4 
101 29.2 8.8 6.7 15.7 39.6 53.1 
103 32.5 7.1 6.9 17.1 36.4 52.1 
112 34.3 13.1 9.5 14.7 28.4 44.7 
114 33.4 8.2 7.5 16.1 34.8 50.2 
117 33.5 9.9 9.2 15.6 31.8 47.9 
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Table XIII, Immobilized glucoamylase stability test at 70°C, pH 4.5, 
Maltrin-20 feed, and 180 ml/hr flow rate. 
Elapsed 
Time, Concentration, wt % dry basis 
hr Gg^  Gb-Ga Gg G DE 
0.5 16.0 6.3 4.7 73.0 78.1 
1 16.1 6.0 5.0 72.9 77.8 
1.5 20.3 5.0 6.0 68.7 74,5 
2.5 21.2 5.1 8.0 65.6 72.7 
3.5 22.9 5,4 10.8 60,9 69.6 
4.5 22.1 5.7 10.8 61,4 70.1 
5.5 23.2 4.8 11.6 60.4 69.4 
6.5 24.2 3,3 14.7 57.8 68.2 
7.6 22.8 7,8 14.2 55.2 66,0 
8.5 24.8 7.6 15.4 52.2 63.8 
9.5 24.9 8,4 16.4 50.3 62.5 
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Table XIV. Batch reaction with 10 ml immobilized glucoamylase and 
27 wt % Thermamyl-60 hydrolyzed pearl starch at 52°C and 
pH 4.4 in 120 ml. 
Time, Concentration, wt % dry basis 
hr Gg_^  Gg-G^  G3 Gg unknown G DE 
0 84.7 11.6 3.6 0.1 — — - " 11.6 
0.25 14.0 9.3 4.9 4.2 0.5 67.1 74.0 
0.5 6.6 5.9 1.0 3.3 0.3 82.9 86.7 
0.75 4.6 3=3 1,5 2.7 0.4 87.5 90.6 
1.083 3.4 2.6 1.5 3.3 0.4 88.8 91.9 
1.5 2.4 2.0 1.3 2.4 0.4 91.5 93.9 
2 1.0 0.9 0.6 2.4 0.4 93.8 95.8 
2.5 1.2 1.4 0.8 3.6 0.4 92.6 95.3 
3 1.4 0.6 1.3 3.8 0.4 92.9 95.3 
8 1.3 1.6 0.9 4.7 0.4 91.1 94.6 
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Figure 38. Batch reaction progress with 10 ml immobilized glucoamylase and 
120 ml of 27 wt % of Thermamyl-60 a-amylase hydrolyzed pearl 
starch (a-amylase-pH 6.5, 105°C, 50 g a-amylase/lOO lb starch, 
6 hr cook) (glucoamylase - 52°C, pH 4.4, initial DE 11.6). 
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Table XV. Batch reaction with 0,2 g soluble glucoamylase and 30 wt % 
Maltrin-10 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg+ Gg-G^ , Gg Gg unknown. G DE 
0 74.4 20.3 3.0 1.7 0.6 13.2 
0.25 42.2 4.8 5.1 8.7 39.2 50.2 
0.5 22.7 3.7 0.3 9.7 63.6 71.3 
.1 12.3 2.7 0,5 3.0 0.3 81.2 84.7 
1.5 6.5 1.9 0.3 1.7 0.4 89.2 91.4 
2 3.9 1.7 0.4 1.8 0.3 91.9 93.7 
3 2.0 1.7 0.4 2.2 0.4 93.8 95.2 
4.5 1.3 0.7 0.3 2.2 0.3 95.2 96.7 
6 0.9 1.3 0.4 2.5 0.3 94.6 96.4 
8 0.9 0.5 0.4 3.6 0.4 94.2 96.5 
12 0.8 0.6 0,4 4.5 0.4 93.3 96.0 
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Table XVI, Batch reaction with 5,6 ml immobilized glucoamylase and 
30 wt % Maltrin-lO at 45°C and pH 4,4 in 115 ml. 
lime. Concentration, wt % dry basis 
hr Gg^ G3 Gg unknown G DE 
0 75,7 18.6 3,1 1.8 - - - 0.8 13,4 
0,25 62.9 10,7 2,5 3,6 - - - 20.3 31,0 
0,5 52,3 5,6 1,6 4,1 -  -  - 36.4 45.2 
1 38.4 1,1 0,7 • 3.4 0.3 56,1 62.2 
1,5 28,1 1,3 0.4 2.2 0,4 67.6 72.1 
2 22.3 1,2 0,4 1.7 0,4 74,0 77.7 
3 14.9 1,0 0,3 1.7 0,5 81,6 84.5 
4,25 10,1 1,2 0.4 1,9 0.5 85.9 88,5 
5,5 7.3 1,2 0.5 2.3 0,4 88.3 90.6 
6,75 5.7 1,1 0.1 2.5 0,5 90.1 92.5 
9 3.7 1,0 0.5 3.0 0,6 91.2 93,8 
2.0 0,9 0 5 3 4 0.4 no 0 y ne. n 
13 2.0 0.9 0,4 3.8 0.4 92,5 95,0 
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Table XVII. Batch reaction with 0.2 g soluble glucoamylase and 27 wt % 
HT-1000 hydrolyzed pearl starch at 45°C and pH 4.4 in 115 ml. 
Time J Concentration, wt % dry basis 
hr Gg^ Gg -G^ Gg Gg unknown G DE 
0 64.6 27.4 4.6 2.7 0.7 14.5 
0.25 25.2 3.8 5.2 15.8 0.3 51.7 63.9 
0.5 16.1 3.9 0.8 3.8 1.0 74.4 79.4 
0.75 10.0 3.6 0.8 2.4 1.0 82.2 85.8 
1 8.0 2.6 0.7 2.4 1.0 85.3 88.5 
1.5 4.4 1.3 0.4 2.4 0.9 90.6 93.2 
2 3.3 1.2 0.4 2.1 0.7 92.3 94.4 
2.75 2.2 0.6 0.3 2.6 0.6 93.7 95.7 
3.5 1.7 0.2 0.2 2.9 0.6 94.4 96.4 
4.5 1.6 0.2 0.2 3.3 0.6 94.1 96.2 
6 1.5 0.2 0.3 4.0 0.6 93.4 95.9 
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Figure 39. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - pH 6.9, 95°C, 45 g a-amylase/lOO lb starch, 1.5 
hr cook) (glucoamylase - 45^ 0, pH 4.3, initial DE 14.5). 
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Table XVIII. Batch reaction with 0,2 g soluble glucoamylase and 27 wt % 
HT-1000 hydrolyzed pearl starch at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr G g  +  G g G g  G g  unknown G DE 
0 62.0 29.2 5.0 3.0 - - - 0.8 15.0 
0.25 32.6 6.3 8.0 11.9 0.3 40.9 54.1 
0.5 20.5 3.0 0.5 13.1 0.8 62.1 71.8 
0.75 15.2 3.6 0.4 6.6 1.3 72.9 79.1 
1 11.8 1.9 0.4 2.9 1.4 81.6 85.3 
1.5 7.1 1.6 0.6 2.4 1.7 86.6 89.9 
2 4.9 1.2 0.8 1.8 1.7 89.6 92.3 
2.5 3.8 1.2 0.8 1.8 1.6 90.8 93.4 
3 3.0 0.9 1.0 2.0 1.7 91.4 94.0 
4 2.3 0.7 0.8 2.3 1.6 92.3 94.8 
5 2.2 0.6 0.6 2.5 1.6 92.5 95.2 
6 1 0,7 0,8 8 1.5 92.6 95. 3 
9 1.6 0.5 0.8 3.4 1.4 92.3 95.2 
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Figure 40. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - pH 7.0, 76-83°C, 52 g a-amylase/lOO lb starch, 
2 hr cook) (glucoamylase - pH 4.4, 45 C, initial DE 15.0). 
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Table XIX. Batch reaction with 0.2 g soluble glucoamylaso and 30 wt % 
Maltrin-15 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg_|_ Gg-G4 G3 Gg unknown G DE 
0 60.7 29.1 5.5 3.4 - - - 1.3 15.9 
0.25 28.0 5=3 4.9 14.7 47.1 59.9 
0.5 17.3 5.5 0.5 11.1 65.6 74.0 
1 9.6 3.2 0.8 2.8 0.8 82.8 86.4 
1.5 4.4 2.5 0.6 1.9 0.6 90.0 92.4 
2.167 3.1 3.9 0.9 2.4 0.6 89.1 92.0 
3 1.5 1.7 0.6 2.7 0.8 92.7 95.1 
4.5 1.0 1.8 0.4 3.0 0.7 93.1 95.4 
6 0.9 1.6 0.6 3.6 0.7 92.6 95.3 
8 0.8 1.1 0.4 4.0 0.6 93.1 95.8 
12 0.8 1.8 0.5 5.3 0.8 90.8 94.3 
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Figure 41. Batch reaction progress with 0.2 g soluble glucoamvlase and 
115 ml of 30 wt % Maltrin-15 (45°C, pH 4.4, initial DE 15.9). 
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Table XX. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Maltrin-15 at 45°C and pi! 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr G@ Gg -G^ Gg Gg unknown G DE 
0 60.0 29.0 5.9 3.6 1.5 16.3 
0.25 50.8 18.7 4.6 6.0 19.9 31.8 
0.5 44,5 10.3 3.2 6.9 35.1 45.9 
1 30.0 3.6 1.4 5.1 0.4 59.5 66.3 
1.5 21,4 1.9 0.8 3.1 0.6 72.2 76.9 
2 17.6 1.9 0.7 2.2 0.7 76.9 80.7 
3.167 10.7 1.6 0.5 1.7 0.6 84.9 87.7 
4.5 7.0 1.5 0.6 2.0 0.7 88.2 90.6 
6 4.5 1./^ 0.4 2.4 0.6 90.7 93.1 
7.5 3.3 1.3 0.5 2.8 0.6 91.0 93.9 
9 • 2.5 1.2 0.5 3.2 0.7 91.9 94.6 
11.5 î-h 1,9 0.6 
C
O
 C
O
 0.7 92.1 94.7 
15,5 1.1 1.4 0.6 4.6 0.8 91.5 94.9 
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Figure 42. Batch reaction progress with 5.2 ml immobilized glucoamylase 
and 115 ml of 30 wt % Maltrin-15 (45°C, pH 4.4, initial DE 
DE 16.3). 
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Table XXI. Batch reaction with 0.2 g soluble glucoamylase and 2/ wt % 
Themiamyl~60 hydrolyzed pearl starch at 45 C and pH 4.4 
in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg-G* 03 Ga G DE 
0 55.1 31.7 8.5 3.9 0.8 16.4 
0.25 32.4 8.0 9.9 14.1 35.6 50.7 
0.5 19.0 4.7 0.9 16.9 58.5 69.9 
0.75 13.7 5.9 0.6 8.9 70.9 78.9 
1 9.7 3.2 0.5 3.6 83.0 85.9 
1.5 • 4.5 1.8 0.6 1.8 91.3 93.1 
2 2.7 1.4 0.7 2.3 92.9 94.8 
2.5 2.0 1.4 0.6 2.6 93.4 95.3 
3 1.5 1.0 0.7 2.8 94.0 96.4 
3.75 1.2 0.8 0.5 2.8 94.7 96.5 
4.5 1.0 0.7 0.6 2.9 94.8 96.7 
6 0.8 0,6 0 : 6 3.6 94.4 96 «6 
8 0.7 0.7 0.5 3.9 94.2 96.4 
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Figure 43. Batch reaction progress with 0,2 g soluble glucoamylase and 115 m 
of 27 wt % Thermamyl-60 hydrolyzed pearl starch (a-amylase-pH b.b, 
106-108OC, 60 g a-amylase/lOO lb starch, 3 3/4 hr cook) (gluco­
amylase - 45®C, pH 4,4, initial DE 16.4). 
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Table XXII. Batch reaction with 0.2 g soluble glucoamylase and 30 wt % 
Maltrin-15 at 55°C and pH 4,4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg_^ Gg -G4 Gg Gs G DE 
0 48.0 40.7 5.2 3.9 6.2 16.9 
0.167 30.2 19.2 10.7 10.6 29.3 44.5 
0.33 19.5 7.0 1.7 17.0 54.8 67.0 
0.5 13.8 8.1 0.5 9.2 68.4 75.9 
0.75 11.1 8.1 0.6 2.7 77.5 81.5 
1 6.8 4.1 0.4 1.6 87.1 89.5 
1.5 4.6 6.9 1.4 1.5 85.5 88.4 
2 2.1 3.4 0.5 1.8 92.2 94.0 
3 1.3 2.0 0.4 2.0 94.3 95.9 
4 0.8 1.3 0.3 3.2 94.4 96.4 
5 0.8 2.1 0.7 3.9 92.5 95.1 
7 0.6 1.2 0.3 3.4 94.5 96.5 
9.25 0.8 0.7 0.2 4.4 93.9 96.3 
12 0.7 1.0 0.4 4.7 93.2 95.9 
20 0.6 0.6 0.5 5.9 92.4 95.7 
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Figure 44. Batch reaction progress with 0.2 g soluble glucoamylase and 100 
ml of 30 wt % Maltrin-15 (55°C, pH 4,4, initial DE 16.9). 
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Table XXIII. Batch reaction with 5.2 ml immobilized glucoamylase and 30 
wt % Maltrin-15 at 55°C and pH 4.3 in 100 mi. 
Time, Concentration, vjt % dry basis 
hr Gg_^ Gg -G^ Gg Gg G DE 
0 52.6 34.4 5,7 4.3 3.0 17.8 
0.167 43,6 18.0 4,0 8.4 26.0 38.8 
0.33 36.5 8.7 2,0 8.5 44,3 54.3 
0.5 29.5 8.0 2.6 6.9 53.0 61.6 
0.75 24.0 5.2 1,6 5.2 64.0 70,5 
1 20.3 4.0 1,4 3.6 70,7 75.6 
2 12.3 3,4 1,1 2.8 80.4 83.8 
3 
CO 00 
3,0 0,7 2.9 85.6 88.4 
4 6,6 2.6 0.6 3.3 86.9 89.7 
5 5,2 1,9 0,7 4,0 88.2 91,1 
6 4,0 1,6 0,5 3.9 90.0 92.9 
g 3.3 1.0 0.5 4:3 90,9 93.7 
21 1.2 1.6 1,2 8.1 87.9 92.6 
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Figure 45, Batch reaction progress with 5.2 ml immobilized glucoamylase and 
100 ml of 30 wt % Maltrin-15 (55°G, pH 4.3, initial DE 17.8). 
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Table XXIBatch reaction with 0.15 g soluble glucoamylase and 27% 
HT-1000 hydrolyzed pearl starch at 60°C and pH 7.3 and 
115 ml. 
Time, Concentration, vvt % dry basis 
hr Gg_j_ Gg-G* Gg Gg G DE 
0 60.9 27.2 5.1 3.7 3.1 17.2 
0.167 46.8 10.8 9.0 7.7 25.7 39.4 
0.38 21.9 3.2 0.6 13.6 60.7 70.4 
0.667 14.2 1.6 0.3 3.9 80.0 83.7 
1 9.0 1.0 0.5 2.7 86.8 89.4 
1.5 5.4 0.7 0.5 2.2 91.2 93.1 
2 2.5 1.2 0.6 2.1 93.6 95.3 
2.5 0.9 1.9 0.5 2.6 94.1 96.0 
3 1.6 1.0 0.4 2.9 94.1 96.1 
4 1.0 0.6 0.5 3.4 94.5 96.6 
5 1.3 0.8 0.5 4.0 93.4 95.9 
h î :3 1:0 0.7 ^.5 92.5 95.3 
9 0.8 0.2 0.6 5.4 93.0 96.0 
24 1.1 0.6 1.3 6.8 90.2 94.2 
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Figure 46. Batch reaction progress with 0,15 g soluble glucoamylase and 
115 ml of 27 wt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - 85°C, pH 6.8, 5.0 mg a-amylase/l.O g starch, 2/3 
hr cook, centrifuged and supernatant used for glucoamylase) 
(glucoamylase - 60°C, pH 4.2, initial DE 17.2). 
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Table XXV, Batch reaction with 5,9 ml immobilized glucoamylase and 
27 wt % HT-1000 hydrolyzed pearl starch at 60°C and pH 4.4 
in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg Gg -G^ Gg Gg G DE 
0 55.5 32.9 5.9 2.9 2.8 17,3 
0.333 41.8 13.0 3.4 5.5 36.3 46.6 
0.667 32.2 5.0 1.6 4.4 56.8 63.6 
1 25.3 2.6 1.6 4.3 66.2 70.8 
1.5 19.1 1.9 1.4 3.2 74.4 78.0 
2 15.0 2.4 0.8 2.8 79.0 82.6 
3 10.2 1.7 0.7 2.9 84.5 87.4 
4.25 6.0 1,0 0.5 2.6 89.9 92.1 
5.5 4.4 1.0 0.6 3.2 90.8 93.2 
7 3.2 1.0 0.5 3.7 91.6 94.1 
9 2.2 1.0 0.5 4.1 92.2 94.8 
11 l.G 0.8 0 6 4.7 92,1 US_0 
20 1.2 1.0 1.1 6.2 90.5 94.2 
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Figure 47, Batch reaction progress with 5.9 ml immobilized glucoamylase and 
115 ml of 27 wt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - 85°C, pH 6,8, 5 mg a-amylase/lO g starch, 2/3 hr 
cook, filtered with dicalite through Whatman No. 1 twice) 
(glucoamylase - 60°C, pH 4.4, initial DE 17.3). 
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Table XXVI, Batch reaction with 0.15 g soluble glucoamylase and 27 wt % 
HT-1000 hydrolyzed pearl starch, filtered, at 60°C and pH 
4.3 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-G^ Gg Gg G DE 
G 48.6 38.0 7.4 3.6 2.4 18.0 
0.5 23.9 3.6 1.1 17.2 54.2 66.1 
1 19.5 3.4 0.5 10.9 65.7 73.8 
2 15.3 3.0 0.6 4.3 76.8 81.2 
3 13.1 2.6 0.6 2.9 80.8 84.2 
4 11.2 2.5 0.7 2.5 83.1 86.1 
7.25 9.5 1.3 0.6 2.0 86.6 89.0 
22 6.3 1.6 0.7 2.4 89.0 91.4 
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Figure 48. Batch reaction progress with 0,15 g soluble glucoamylase and 
115 ml of 27 wt /o HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - 85°C, pH 6.9, 1 mg a-amylase/20 g starch, 2/3 hr 
cook, filtered 3 times through Whatman No. 41) (glucoamylase-
60OC, pH 4.4, initial DE 13.0). 
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Table XXVII, Batch reaction with 0,2 g soluble glucoamylase and 30 wt % 
Maltrin-20 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, % dry basis 
hr Gg^ Gg -G^ Gg Gg unknown G DE 
0 46.2 37.7 8.2 5.7 0.3 1.9 18.7 
0.25 29.6 7.9 10.5 15.6 0.6 35.8 51.9 
0.5 19.0 5.1 1.0 18.2 56.7 69.0 
1 11.4 4.0 0.5 6.8 77.3 82.3 
1.5 6.3 3.4 1.0 2.3 1.4 85.5 88.9 
2 3.4 2.5 0.9 2.0 1.5 89.7 92.5 
3 2.2 1.9 0.8 2.1 1.4 91.6 94.2 
4.5 1.4 0.9 0.5 2.3 1.5 93.4 95.8 
6.5 1.1 1.2 0.2 3.0 1.3 93.2 95.8 
8 1.0 0.9 0.6 3.6 1.4 92.4 95.4 
12 0.9 1.5 0.3 4.4 1.3 91.6 95.0 
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Figure 49« Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 30 wt % Maltrin-20 (45*^C, pH 4.4, initial DE 18.7). 
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Table XXVIII. Batch reaction with 0.1 g soluble glucoamylase and 30 wt % 
Maltrin-20 at 550C and pH 4.3 in 100 ml. 
Time, Concentration, wt % dry basis 
hr Ce+ Gg -G^ Gg Gg G DE 
0 40.5 43.2 8.4 6,0 1.9 18.9 
0.167 35.1 29.0 11.6 8.7 15.6 32,4 
0.33 26.4 17.8 13.0 13.7 29.1 46.1 
0.5 21.1 9.4 9.0 19.0 41,5 57.6 
0,75 15.1 6.6 1.1 20.0 57.1 70.1 
1 13.4 6.0 0.5 13.1 67.0 76.1 
1.5 10.4 4.8 0.5 6.1 78.2 83.2 
2 7.0 3.6 0.4 3.3 85.7 88.8 
3 3.4 2.5 0.7 3.4 90.0 92.7 
4 1.9 1.8 0.3 3.3 92.7 95.0 
5 1.3 1.4 0.2 3.3 93.8 95.9 
7 0.9 1.1 0.3 3.4 94.3 96.4 
9 1.0 1.2 0.5 4.6 92.7 95.5 
12 0.6 0.9 0.5 5.4 92.6 95.7 
24 0.6 0.6 0.5 6.6 91.7 95.2 
31 0.4 1.0 0.8 7,3 90.5 94.5 
48 0.7 0.8 1.0 9.1 88.4 93.5 
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Figure 50. Batch reaction progress with 0,1 g soluble glucoamylase and 
100 ml of 30 wt % Maltrin-20 (550C, pH 4.3, initial DE 18.9), 
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Table XXIX. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Maltrin-20 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg+ Gg-G^ Gg Gg unknown G DE 
0 45.4 37.3 8.8 6.5 2.0 19.4 
0.25 39.9 23.7 6.9 8.6 0.5 20.4 34.6 
0.5 33.9 12.9 4.6 9.0 0.8 38.8 45.9 
1 25.3 4.3 2.0 7.0 1.1 60.3 68.3 
1.5 18.6 2.6 1.0 4.2 1.4 72.2 77.7 
2 14.2 2.5 0.9 2.5 1.4 78.5 82.6 
3 9.5 1.2 0.6 1.6 1.3 85.8 88.6 
4.5 6.0 1.1 0.3 1.7 1.1 89.8 92.9 
6 4.0 1.3 0.6 2.4 1.4 90.3 92.9 
7.5 2.8 1.1 0.6 2.6 1.3 91.6 94.1 
9 2.1 0.8 0.6 3.0 1.3 92.2 94.9 
11 i.5 0.8 0.9 3.5 1.4 91.9 94 9 
13 1.2 1.5 0.8 3.7 1.3 91.5 94.6 
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Figure 51, Batch reaction progress with 5.2 ml immobilized glucoamylase and 
115 ml of 30 wt % Maltrin-20 pH 4.4, initial DE 19.4). 
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Table XXX. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Maltrin-20 at 55°C and pH 4,4 in 100 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-G^ Gg Gg G DE 
0 39.9 41.9 7.3 5.5 5.4 21.5 
0.083 38.0 32.1 6.6 9.2 14.1 29.8 
0.167 31.8 21.1 5.0 13.5 28.6 43.6 
0.33 28.5 9.2 4.0 • 9.3 49.0 59.4 
0.5 22.3 3.2 3.0 8.3 63.2 70.6 
0.75 19.8 2.4 1.0 4.5 72.3 77.2 
1 16.0 2.7 0.8 3.4 77.1 81.0 
1.25 13.0 3.8 0.9 2.2 80.1 83.4 
1.5 11.6 3.6 0.6 2.7 81.5 84.8 
2 9.4 2.9 0.6 3.3 83.8 87.0 
3 6.2 2.3 0.4 3.7 87.4 90.3 
4 4.8 2.0 0.4 4.1 88.7 91.6 
5 3.8 1.4 0.4 4.6 89.8 92.8 
6 2.6 0.5 0.4 4.5 92.0 94.6 
8 1.9 0.5 0.3 6.1 91.2 94.6 
12 1.4 1.7 0.5 7.2 89.2 93.4 
23 1.0 1.2 0.7 9.8 87.3 92.7 
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Figure 52. Batch reaction progress with 5.2 ml immobilized glucoamylase and 
100 ml of 30 wt % Maltrin-20 (55%, pH 4.4 initial DE 21.5). 
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Table XXXI. Batch reaction with 0.2 g soluble glucoamylase and 30 wt % 
Maltrin-25 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg -G^ Gg Gg unknown G DE 
0 35.6 42.8 10.2 8.0 0.1 3.3 21.8 
0.25 23.7 9.0 11.2 19.7 36.4 54:1 
0.5 15.5 7.6 1.5 19.7 55.7 69.0 
1 8.8 4.8 1.4 4.6 0.5 79.9 84.7 
1.5 4.4 3.8 1.4 2.2 0.5 87.7 90.6 
2 2.9 2.8 1.6 2.2 0.6 89.9 92.6 
3 1.8 3.0 1.1 2.8 0.6 90.7 93.4 
4.5 1.3 2.3 0.6 3.0 0.6 92.2 94.8 
6 1.1 1.8 0.4 3.3 0.5 92.9 95.4 
8 1.1 2.2 0.8 3.9 0.5 91.5 94.5 
12 1.0 2.0 0.6 5.0 0.4 91.0 94.3 
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Figure 53. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % Maltrin-25 (45°C, pH 4.4, initial DE 21.8). 
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Table XXXII. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Maltrin-25 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-G^ 63 Gg G DE 
0 36.0 41.9 10.2 8.6 3.3 22.0 
0.33 29.8 22.6 7.4 12.1 28.1 43.7 
0.67 24.4 12.6 4.9 12.4 45.7 58.2 
1 20.3 7.4 2.9 10.5 58.9 68.6 
1.5 15.2 /:.2 1.3 6.3 73.0 78.9 
2 12.2 3.2 0.8 4.1 79.7 83.7 
3.67 6.7 2.4 0.9 . 2.8 87.2 90.0 
5 4.7 1.8 0.9 2.9 89.7 92.2 
7 3.1 1 = 9 0.6 3.4 91.0 93.6 
10.33 1.9 1,6 0.6 4.2 91.7 94.6 
12 U5 1.5 0.5 4.3 92.2 94.9 
14 1.2 1.1 0.4 4.4 92.9 95.4 
22.5 0.8 1.0 0.5 5.9 91.8 95.2 
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Figure 54. Batch reaction progress with 5.2 ml immobilized glucoamylase 
and 115 ml of 30 wt /o Maltrin-25 (45°C, pH 4.4, initial 
DE 22.0). 
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Table XXXIII. Batch reaction with 0.2 g soluble glucoamylase and 
27 wt % HT-1000 hydrolyzed pearl starch at 45°C and 
pH 4.3 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg ^  Gq -G4 G3 Gg G DE 
0 35.4 40.0 11.0 10.1 3.5 22.6 
0.25 18.6 5.8 10.7 24.8 40.1 58.8 
0.58 13.6 5.0 0.6 17.0 63.8 74.8 
0.92 9.8 5.5 0.4 5.4 78.9 83.7 
1.33 6.2 2.4 1.2 2.5 87.7 90.5 
2 4.0 1.3 0.6 2.0 92.1 93.9 
2.75 2.8 1.3 0.7 3.3 91.9 94.3 
3.67 2.0 1.0 0.7 2.9 93.4 95.4 
4.5 1.8 0.8 0.5 2.8 94.1 95.9 
6 1.6 0.4 0.3 • 3.5 94.2 96.3 
9 1.4 0.3 0.2 3.9 94.2 96.4 
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Figure 55. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % HT-1000 o-amylase hydrolyzed pearl starch 
(a-amylase - 95°C, pH 6.9, 52 g a-amylase/lOO lb starch, 6 l/3 
hr cook) (glucoamylase - 45°C» pH 4.3, initial DE 22.6). 
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Table XXXIV. Batch reaction with 0.2 g soluble glucoamylase and 30 wt % 
Maltrin-25 at 60°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg G3 Gg unknown 
0 34.8 42.4 10.4 8.7 3.7 22.7 
0.167 19.8 6,5 4.6 23.2 - - - 45.9 62.3 
0.33 11.8 6.0 1.2 10.6 0.5 69.9 78.2 
0.5 7.5 3.9 1.4 3.1 0.5 83.6 87.4 
0.75 4.0 3.5 1.3 2.2 0.6 88,4 91.2 
1 2.6 3.0 1.2 2.3 0.6 90.3 93.0 
1.5 1.7 2.7 0.9 2.8 0.5 91.4 94.0 
2 1.4 2.5 0.6 3.2 0.6 91.7 94.3 
3 1.1 2.2 0.6 3.7 0.5 91.9 94.7 
4 1.0 2.2 0.6 4.4 0.5 91.2 94.4 
5 1.0 2.2 0.6 5.0 0.5 90.7 94.4 
6.5 0.8 2.0 0.5 5.5 0,5 90.7 94.2 
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Fiqure 56. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 30 wt % Maltrin-25 (ôO^C, pH 4.4, initial DE 22.7). 
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Table XXXV. Batch reaction with 5.9 ml immobilized glucoamylase and 
30 wt% Maltrin-25 at 60°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ -G^ Gg Gg unknown G DE 
0 34.8 42.4 10.4 8.7 — 3.7 22.7 
0.167 31.5 29.2 8.6 10.8 --- 19.9 35.6 
0.33 26.8 18.2 6.4 11.5 - 37.1 51.0 
0.5 22.4 10.9 4.3 10.5 51.9 62.8 
0.75 17.1 5.9 2.5 7.9 0.6 66.0 73.9 
1 13.6, 4.1 1.7 5.6 0.7 74.3 80.1 
1.5 9.7 2.8 1.0 3.2 0.5 82.8 86.5 
2 7.2 2.6 1.1 2.9 0.7 85.5 88.8 
3 4.2 2.5 0.7 3.0 0.6 89.0 91.8 
4. 2.9 2.2 0.7 3.6 0.6 90.0 93.1 
5 1.2 3.2 0.7 4.0 0.5 90.4 93.5 
6.5 1.6 0.7 4.8 0.5 un _ 3 93.7 
8 1.1 2.0 0.6 5.2 0.5 90.6 94.1 
12 0.9 1 = 7 0.9 6,7 0.5 89.3 93.4 
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Figure 57. Batch reaction progress with 5.9 ml immobilized giucoamylase 
and 115 ml of 30 wt % Maltrin-25 (60°C, pH 4.4, initial DE 22.7). 
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Table XXXVI. Batch reaction with 0,2 g soluble glucoamylase and 30 wt % 
Star-Dri 24-R at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg -G^ G3 Gg unknown G DE 
0 36.4 41.4 10.0 8.0 4,2 22.7 
0.25 18.5 9.2 5.7 22.2 44.4 60.9 
0.5 14.4 9.0 1.4 17.7 1,0 56.5 69.4 
1 9.0 5.5 1.6 5.2 1.0 77,7 83.2 
1.5 5.0 6.1 1.8 1.6 0.8- 84.7 88.0 
2 4.1 3,5 1.7 2.4 1,1 87.2 90.6 
3 2.9 3.9 1.2 2.4 1.0 89.6 92.5 
4 2.2 2.9 1.1 2.7 1,1 90.0 93.1 
5 1.8 3.0 1,0 3.1 1.0 90.1 93.2 
6 1.4 3.1 0.8 3.4 1,0 90.3 93.5 
7.5 1,4 2.8 0,7 3.8 1.0 90.3 93.6 
10 1.3 2.6 U.8 3,7 1.0 90.6 no 0 
12 1.3 3.6 1.1 5.0 1,0 88.0 92.2 
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Figure 58. Batch reaction progress with 0.2 g soluble glucoamylase and 115 
ml of 30 wt % Star-Dri 24-R (45°C, pH 4.4, initial DE 22.7). 
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Table XXXVII. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Star-Dri 24-R at 45°C and pH 4,4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg ^  Gg "G^ Gg Gg unknown G DE 
0 35.6 40.6 9.9 8.6 — 5.3 23.5 
0.33 30.1 23.5 7.6 12.0 26.8 42.7 
0.67 24.6 11.4 4.6 12.1 59,5 
1 20.1 7.5 3.1 10.8 — 58.5 68.1 
2 11.3 3.7 1.2 4,4 — 79.4 83.8 
4 5.4 3.1 1.0 3.9 &\6 90.9 
6 3.2 2.7 0.7 3.2 90.2 92.7 
8 2.4 2.9 0.8 3.8 — 90.1 92.8 
17 1.1 2.7 0.7 5.2 90.3 93.8 
24.5 0.7 2.4 0.7 6.0 %.2 93.9 
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Figure 59. Batch reaction progress with 5.2 ml immobilized glucoamylase 
and 115 ml of 30 wt Star-Dri 24-R (45°C, pH 4.4, initial 
DE 23.5). 
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Table XXXVIII. Batch reaction with 0.2 g soluble glucoamylase and 
27 wt % HT-1000 hydrolyzed pearl starch at 45°C and 
pH 4.3 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg -G^ G3 Gg unknown 
0 35.3 38.8 11.4 11.3 3.2 23.1 
0.25 15.2 6.0 2.2 26.4 50.2 66,6 
0.5 11.2 5.7 0.9 11.3 0.8 70,1 78.6 
0.75 8.9 2.3 0.9 3.9 1.1 82.9 87.0 
1 5.7 2.4 1.2 3.1 1.0 86.6 90.0 
1.5 3.4 1.0 0.7 2.8 1.0 91.1 93.8 
3 2.0 0.4 0.4 3.7 1.0 92.5 95.3 
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Figure 60. Batch reaction progress with 0,2 g soluble glucoamylase and 
115 ml of 27 vrt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - 89-95°C, pH 7,0, 100 g a-amylase/lOO lb starch, 
8 hr cook) (glucoamylase - 45°C, pH 4.3, initial DE 23.1). 
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Table XXXIX. Batch reaction with 0.2 g soluble glucoamylase and 27 wt % 
Thermamyl-60 hydrolyzed pearl starch at 45^0 and pH 4.3 
in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg_^ Gg-G^ G3 Gg unknown G DE 
0 32.3 40.1 13.5 11.2 0.2 2.2 23.5 
0,25 22.8 9.5 14.6 23.C 0.3 29.8 50.3 
0.5 14.3 7.1 1.7 26.9 0.7 49.3 66.3 
0.8 12.0 5.7 1.5 16.6 0.8 63.4 74.9 
1.5 5.7 3.2 2.0 2.5 0.8 85.8 89.2 
2 3.3 1.8 1,5 1.3 0,5 91.6 93.6 
2.5 2.3 1.5 1,5 1.5 0.5 92.7 94.6 
3 1.8 1,0 1.2 1.7 0.7 93.6 95.5 
4 1.1 0,7 0.9 1.8 0.6 94.9 96.6 
5 0.9 0.9 0,8 2.0 0.7 94.7 96.6 
7 0.9 0.5 0.6 2.6 0.8 94.6 96.7 
9 0.7 c>
 
0.5 2« C r\ n V e i 95 1 97.1 
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Figure 61. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % Thermamyl-60 hydrolyzed pearl starch 
(a-amylase - lOS-HQOC, pH 6.5, 87.5 g a-amylase/lOO lb starch, 
11.5 hr cook) (glucoamylase - 45°C, pH 4.4, initial DE 23.o). 
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Table XL. Batch reaction with 0.2 q soluble glucoamylase and 27 wt % 
HT-1000 hydrolyzed pearl starch at 45°C and pH 4.3 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg -G^ Gg Gg unknown G DE 
0 32.7 36.6 12.6 12.6 0.7 4.8 24.5 
0.3 17.8 8.0 8.3 25.9 1.8 38.2 48.0 
0.5 15.4 7.0 1.3 21.4 2.7 52.2 67.4 
0.75 10.1 9.2 1.4 8.0 3.1 68.2 76.7 
1 9.0 5.8 1.1 3.4 3.1 77.6 83.1 
1.5 5.6 3.6 1.5 2.7 3.0 83.6 88.1 
2.25 3.5 2.3 1.4 2.6 3.0 87.2 91.1 
2.75 3.2 0.8 0.8 2.2 3.1 89.9 93.2 
3.5 2.6 0.6 0.6 2.6 3.1 90.5 93.8 
4.5 2.1 0.4 0.8 2.9 3.1 90.7 94.1 
6 1.7 0.4 0.7 3.2 3.1 90.9 94.5 
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Figure 62, Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - 92-95°C, pH 6.9, 86 g a-amylase/lOO lb starch, 
22 hr cook) (glucoamylase - 45°C, pH 4.3, initial DE 25.4). 
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Table XLI. Batch reaction with 10 ml immobilized glucoamylase and 27 
wt % Thermamyl-60 hydrolyzed pearl starch at 51°C and pH 4.4 
in 120 ml. 
Time, Concentration, wt % dry basis 
hr  Gg ,  Gs-G* Gg Gg G 1%= 
0 29.6 40.3 16.1 10.9 3.1 26.4 
0.25 18.9 6.8 6.7 13.1 54.4 66. 
0.5 13.3 1.4 1.8 6.3 77.2 81.6 
0.75 7.7 1.9 2.1 3.8 84.5 86.7 
1 6.6 0.9 0.7 1.6 90.2 92.1 
1.25 3.8 0.9 1.2 3.3 90.8 92.4 
1.75 2.7 0.4 0.7 2.6 93.6 95.5 
2 2.2 0.5 0.6 2.5 94.2 95,9 
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Figure 63, Batch reaction progress with 10 ml immobilized glucoamylase 
and 120 ml of 27 wt % Thermamyl-60 hydrolyzed pearl starch 
(a-amylase - 105°C, pH 6.6, 55 g oi-amylase/lOO lb starch, 3 hr 
cook) (glucoamylase - 51°C, pH 4.4, initial DE 26.4). 
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Table XLII. Batch reaction with 0.2 g soluble glucoamylase and 27 wt % 
HT-1000 hydrolyzed Astro-X-IOOB modified starch at 60°C and 
pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg ^  Gg -G^ Gg Gg G DE 
0 35.1 40.9 8.2 4.3 11.5 27.0 
0.107 12.3 3.9 2.0 13.9 67.9 77.6 
0.33 8.7 3.5 1.2 5.1 81.5 86.0 
0.5 7.1 2.0 1.2 3.4 86.3 89.4 
0.75 5.8 2.0 1.0 3.0 88.2 90.9 
1 4.8 1.0 0.6 2.4 91.2 93.2 
1.5 4.4 0.7 0.4 2.5 92.0 93.9 
2 3.8 0.6 0.3 2.6 92.7 94.6 
2.5 3.6 0.4 0.5 3.0 92.5 94.6 
3 3.6 1.0 0.7 3.6 91.1 93.7 
5 3.3 1.0 1.1 4.3 90.3 93.2 
6 3.1 0.7 o.s / 1 90.7 93.7 
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Figure 64, Batch reaction progress with 0,2 g soluble glucoamylase and 
115 ml of 27 wt % HT-1000 a-amylase hydrolyzed Penick and Ford 
Astro X-IOOB modified starch (a-amylase - 87°C, pH 6,8, 26 g 
a-amylase/lOO lb starch, 35 min cook) ( glucoamylase - 60°C, 
pH 4.3, initial DE 27.0). 
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Table XLIII. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Hubinger Dri Sweet at 55°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-G* Gg Gg G DE 
G 47.0 26.5 7.1 7.6 11.8 27.7 
0.33 38.8 7.4 4.2 11.4 38.2 50.1 
0.5 27.4 7.1 3.4 11.9 50.2 61.2 
0.75 21.7 5.4 2.1 8.2 62.6 70.6 
1 17.3 4.6 1.9 5.3 70.9 76.8 
1.5 12.4 3.7 1.7 2.7 79.5 83.3 
2 9.4 3.4 1.7 2.3 83.2 86.5 
3 6.2 4.1 1.6 2.9 85.2 88.5 
4 4.8 3.5 1.7 2.8 87.2 90.3 
5 3.9 3.5 1.5 3.1 88.0 91.1 
6 3.2 3.9 1.2 3.4 88.3 91.3 
Q 2.6 3.1 1.1 3.7 89.5 92.6 
10 2.1 3.8 1.0 4.3 88.8 92.1 
12 2.0 3.5 0.9 4,7 88.9 92.3 
24 
CO 
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Figure 65. Batch reaction progress with 5.2 ml immobilized glucoamylase 
and 115 ml of 30 wt % Hubinger Dry-Sweet 25 (55°C, pH 4.4, 
initial DE 27.7). 
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Table XLIV. Batch reaction with 0.2 g soluble glucoamylase and 27 wt % 
HT-1000 hydrolyzed pearl starch at 45°C and pH 4.4 in 
115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-G^ Gg Gg G DE 
0 29.9 34.3 13.7 15.7 6.3 28.0 
0.25 13.8 7.5 5.5 29,8 43.4 62.4 
0.5 11.8 6.7 0.9 22.9 57.7 71.9 
0.75 10.1 4.1 1.3 10.5 74.0 81.6 
1 6.2 2.8 1.2 3.4 86.4 89.6 
1.25 4.3 1.4 1.4 1.7 91.2 93.2 
2 2.9 1.4 1.6 2.4 91.7 94.0 
3 2,2 0.9 1.2 2.0 93.7 95.4 
4 2.0 1.2 1.4 3.3 92.1 94.6 
5 2.2 0.6 0.8 3.2 93.2 95.5 
6 2.1 0.4 0.6 3.1 93.8 95.8 
O 2.0 0.3 0.3 3.3 94.1 96.0 
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Figure 66. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 28 wt % HT-1000 a-amylase hydrolyzed pearl starch 
(a-amylase - 85-87°C, pH 7.0, 383 g a-amylase/lOO lb starch, 
9 hr cook) (glucoamylase - 45°C, pH 4.4, initial DE 28.0). 
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Table XLV. Batch reaction with 0.2 g soluble glucoamylase and 30 wt % 
Star-Dri 35-R at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ -G^ Gg Gg unknown G DE 
G 34.0 30.9 9.8 11.0 0.1 14.2 32.2 
0.25 14.5 12.9 6.9 21.5 0.2 44.0 60.9 
0.5 8.8 10.7 2.6 15.9 0.1 61.9 73.6 
1 4.5 7.4 3.2 4.4 0.2 80.3 85.5 
1.5 2.7 6.1 3.4 5.1 0.2 82.5 87.8 
2 2.1 5.7 2.9 3.7 0.2 85.4 89.7 
3 1.8 5.2 2.2 3.8 87.0 90.9 
4 1,2 5.4 1.7 4.0 87.7 91.4 
5 0.9 5.5 1.5 4.1 88.0 91.7 
6 1.0 5.1 1.4 4.7 87.8 91.7 
7 0.7 4.5 1.2 4.7 88.9 92.5 
S 5 r\ n • y Pk A s-/ # -T 1 • 3 /I 87.5 91.5 
10.5 0.9 5.4 1.3 5.1 — — — 87.3 91.4 
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Figure 67. Batch reaction progress with 0,2 g soluble glucoamylase and 
115 ml of 30 wt % Star-Dri 35-R (45°C, pH 4.4, initial DE 32.2). 
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Table XLVI, Batch reaction with 5,6 ml immobilized glucoamylase and 
30 vft % Star-Dri 35-R at 45% and pH 4.4 in 115 ml. 
Time, Concentration, w'c % dry basis 
hr Gg^ -G^ Gg Gg unknown G DE 
0 34.9 29.7 9.9 11.2 14.3 32.4 
0.25 29.2 21.8 9.1 13.6 0.3 26.0 43.0 
0.5 23.6 15.9 7.2 14.6 0.4 38.3 53.5 
1 15.8 8.9 3.7 12.7 58.9 69.7 
1.5 11.1 7.0 3.2 8.9 --- 69.8 77.8 
2 7.7 7.4 2.9 5.7 76.3 82.3 
3 5.3 5.8 2.7 3.5 82.7 86.9 
4.5 3.2 5.1 2.2 3.1 86.4 89.9 
6 2.5 4.4 2.7 4.0 86.4 90.4 
7.5 1.9 4.7 1.8 3.5 --- 88.1 91.4 
9 1.6 5.0 1.7 4.1 87.6 91.2 
11 1.0 5.1 1 A A n 25.5 91.S 
13 1.1 5 = 1 1.4 4.5 — — 87.9 91.6 
224 
100 
90 
80 
m 70 
60 
< 50 
o 40 
GLUCOSE 
DISACCHARIDES 30 
20 
10 
0 
0 2 4 6 10 8 12 
Figure 68, Batch reaction progress with 5.6 ml immobilized glucoamylase and 
115 ml of 30 wt % Star-Dri 35-R (450C, pH 4.4, initial DE 32.4). 
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Table XLVII. Batch reaction with 0.2 g soluble glucoamylase and 27 wt % 
Thermamyl-60 hydrolyzed pearl starch at 45°C and pH 4.4 
in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-G^ Gg Gg unknown G DE 
G- 22.1 33.1 16.8 18.7 0.9 8.4 32.6 
0.25 11.2 10.1 6.6 33.3 1.0 37.8 6G,1 
0.55 5.3 10.3 1.7 21.7 2.0 59.0 73.9 
0.75 4.3 6.9 2.3 12.5 2.4 71.6 81.4 
1.083 3.1 4.0 3.4 3.4 2.7 83.4 88.6 
1.67 2.0 1.8 3.3 1.5 2.8 88.6 92,4 
2 1.4 1.4 2.9 1.5 2.8 90.0 93.4 
2.5 1.5 1.2 2.7 1.8 3.0 89.8 93.5 
3.5 1.0 0.8 1.6 2.3 2.9 91.4 94.8 
4.33 1.0 0.8 1.7 2.3 2.9 91.3 94.7 
4.67 0.9 0.5 1.3 2.4 2.8 92.1 95.3 
7.6? 0.8 0.5 1.0 2.9 2.8 92.0 95.4 
12 0.6 0.6 1.0 4.0 2.7 01.1 94.9 
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Figure 69. Batch reaction progress with 0.2 g soluble glucoamylase and 
115 ml of 27 wt % of Thermamyl-60 hydrolyzed pearl starch 
(a-amylase - 108-110°C; pH 6.5, 150 g a-amylase/lOO lb starch, 
21 hr cook) (glucoamylase - 45°C, pH 4.4, initial DE 32.6). 
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Table XLVIII. Batch reaction with 5.2 ml immobilized glucoamylase and 
30 wt % Star-Dri 42-R at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg+ Gg-G* G3 Gg G DE 
0 28.3 29.7 10.6 14.0 17.4 36.4 
0.25 23.9 22.3 9.1 15.3 29.4 47.3 
0.5 17.9 14.4 6.3 14.9 46.5 60.5 
1 12.0 9.2 4.3 11.9 62.6 73.0 
1.5 7.3 7.5 3.2 7.5 74.5 81.5 
2 6.0 6.9 3.1 5.9 78.9 84.4 
3 3.9 5.1 2.7 3.6 84.7 88.8 
4.5 2.2 5.8 2.6 4.2 85.2 89.4 
6 1.7 5.8 2.3 4.5 85.7 89.9 
7.5 1.2 5.7 1.8 4.2 87.1 90.8 
9 1.0 5.5 1.8 4.5 87.2 91.1 
11 û. G  ^* '"t 2.6 5*u 85,6 90.3 
13 0.7 5.4 1,5 5.1 87.3 91.4 
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Figure 70. Batch reaction progress with 5.2 ml immobilized glucoamylase 
and 115 ml of 30 wt % Star-Dri 42-R (45°C, pH 4.4, initial 
DE 36.4). 
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Table XLIX. Batch reaction with 5,2 ml immobilized glucoamylase and 
30 wt % HT-1000 pretreated Star-Dri 24-R at 45°C and 
pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg^ Gg-Gi G3 Gg G DE 
0 16.2 30.7 19.3 20.8 13,0 37.6 
0.25 14,6 24.0 15.1 22.5 23.8 46,1 
0.67 12.4 17.3 10.1 19.6 40.6 58.3 
1 10,3 12.6 6.9 16.0 54.2 67.9 
1.5 8.1 9.0 4.2 12.0 66.7 76.6 
2 6.2 6.4 2.5 8.1 76.8 83.4 
3 4.5 4,6 2.0 4,3 84.6 88.8 
4 3.2 3.6 1.8 3.5 87.9 91.3 
5 3.0 3.7 1.8 3.5 88.0 91.4 
6.5 2.4 3.1 1.4 3.7 89.4 92.5 
8.5 2.0 3.2 1.2 4.1 89.5 92.7 
10 1,7 2.6 0.9 4,2 90.6 93.7 
11.5 C
O 
2.5 0.8 4.3 90.6 93.7 
12.5 1.6 3.6 1.0 4.6 89.2 92.6 
20 1,6 2.9 1.1 6.1 88.3 92.4 
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Figure 71, Batch reaction progress with 5.2 ml immobilized glucoamylase and 
115 ml of 30 wt % Star-Dri 24-R after HT-1000 pretreatment (a-
amylase - 55°C, pH 4,4, 0,2.5 g a-amylase, 19 hr cook) (gluco­
amylase - 45°C, pH 4.4, initial DE 37,6). 
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Table L. Batch reaction with 5.2 ml immobilized glucoamylase and 30 wt % 
R-420 at 45°C and pH 4.4 in 115 ml. 
Time, Concentration, wt % dry basis 
hr Gg-G* Gg Gg G DE 
0 25.0 30.0 11.2 14.2 19.6 38.6 
0.25 20.7 22.4 9.5 15.8 31.6 48.9 
0.5 15.9 17.0 7.2 15.5 44.4 59.4 
1 9.0 10.8 5.0 12.2 63.0 73.6 
1.5 6.8 9.6 4.0 9.0 70.6 78.9 
2 4.7 7.8 4.0 5.7 77.8 84.0 
3 3.0 7.4 3.5 4.5 81.6 86.8 
4.5 1.7 6.4 3.3 4.7 83.9 88.7 
6 1.2 6.6 3.3 5.1 83.8 88.8 
7.5 0.9 6.5 3.4 5.6 83.6 88.9 
9 0.8 6.1 2.7 5.3 85.1 89.9 
11 U.b 5.4 2.4 5.7 86.0 90.8 
13 0.7 6.4 2.7 6.1 84.1 89.3 
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Figure 72. Batch reaction progress with 5.2 ml immobilized glucoamylase and 
115 ml of 30 wt% GPC 420-R syrup (45°C, pH 4.4, initial 
DE 38.6). 
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Table LI-A. Pilot plant operation with purchased dextrin. 
Elapsed Flow Reactor 
Time, Rate 5 Reactor Temperature,°C Feed 
days Feed ml/min AP,psla Top Bottom pH 
12 Star-Dri 24-R 1100 20 37 38 4.6 
13 Star-Dri 24-R 1020 20 37 38 4.4 
14 Star-Dri 24-R 1020 22 36 37 4.2 
15 Star-Dri 24-R 1030 16 36 38 4.3 
16 Star-Dri 24-R 1020 24 35 37 4.4 
17 Star-Dri 24-R 1000 24 37 38 4.4 
18 Star-Dri 24-R 1060 22 36 38 4.2 
19 Star-Dri 24-R 1020 22 36 37 4.3 
20 Star-Dri 24-R 850 10 38 40 4.3 
21 Star-Dri 24-R 1050 20 36 38 4.4 
22 Star-Dri 24-R 490 5 39 40 4.4 
23 Star-Dri 24-R 490 8 39 40 4.4 
24 Star-Dri 24-R 530 12 38 39 4.4 
25 Star-Dri 24-R 520 12 38 39 4.4 
26 Star-Dri 24-R 500 12 37 38 4.2 
27 Star-Dri 24-R 500 12 37 38 4.4 
28 Star-Dri 24-R 360 10 40 41 4.2 
29 Star-Dri 24-R 370 8 40 41 4.2 
30 Star-Dri 24-R 980 24 39 40 4.4 
31 Star-Dri 24-R 435 14 36 37 4.3 
32 Star-Dri 24-R 450 11 36 37 4.3 
Specific 
Sterilizer Gravity Water 
Temperature, 60°F/60°F Conductivity, 
°C Feed Product |j.mho/cm^ 
117 1.128 1.132 620 
116 1.127 1.132 2.8 
116 1.127 1.132 2.8 
117 1.128 1.133 700 
117 1.127 1.133 730 
117 1.126 1.132 720 
117 1.127 1.133 750 
117 1.127 1.132 750 
116 1.131 1.137 22 
117 1.127 1.133 7.6 
117 1.128 1.132 6.6 
116 1.130 1.136 12.0 
118 1.129 1.135 15.4 
1.1 S 1,128 1.133 21 
118 1.129 1.134 20 
118 1.127 1.134 20 
118 1.128 1.134 37 
118 1.130 1.136 200 
118 1.097 1.135 260 
118 1.130 1.130 720 
118 1.128 1.132 840 
Table LI-A.  (cont inued)  
Elapsed Flow Reactor ^ 
Time, Rate, Reactor Temperature, C 
days Feed nl/min AP,psia Top Bottom 
33 Star-Dri 24-R 420 12 38 39 
34 Star-Dri 24-R 430 12 37 38 
35 Star-Dri 24-R 420 10 38 39 
36 Star-Dri 42-R 420 10 38 39 
37 Star-Dri 42-R 480 12 39 40 
38 Star-Dri 42-R 480 12 39 40 
39 Star-Dri 42-R 480 13 39 40 
40 Star-Dri 42-R 515 14 40 41 
41 Star-Dri 42-R 510 15 37 38 
42 Star-Dri 42-R 520 16 38 39 
43 Star-Dri 42-R 420 14 37 40 
44 Star-Dri 42-R 420 12 39 40 
45 Star-Dri 42-R 420 11 38 39 
46 Star-Dri 42-R 530 go 38 39 
47 Star-Dri 42-R 510 19 38 39 
48 Star-Dri 42-R 500 20 37 38 
49 Star-Dri 42-R 470 12 35 36 
50 Star-Dri 42-R 490 12 39 40 
51 Star-Dri 42-R 490 5 39 40 
52 Star-Dri 42-R 480 3 38 39 
Specific 
Sterilizer Gravity Water 
Feed Temperature 60°F/60°F Conductivity, 
pH °C Feed Product |J.mho/cnf 
4.2 118 1.129 1.134 61 
4.2 118 1.127 1.133 6.6 
4.2 119 1.126 1.133 18.0 
4.2 118 1.127 1.133 5.9 
4.2 118 1.127 1.133 4.0 
4.2 118 1.128 1.127 11.7 
4.2 119 1.127 1.133 11,8 
4.2 118 1.128 1.133 23 
4.2 119 1.128 1.133 19.0 
4.2 119 1.128 1.133 21 
4.2 118 1.129 1.133 19 
4.2 118 1.129 1.133 28 
4.2 118 1,129 1.134 350 
4.2 117 1.129 1.134 350 
4.2 117 1.129 1.132 65 
4.2 117 1.128 1.132 8.8 
4.2 118 1.129 1.134 4.8 
4.2 118 1.129 1.133 7.1 
4.2 118 1.128 1.132 18.8 
4.2 117 1.129 1.134 20 
Table LI-A.  (cont inued)  
Elapsed 
T ime, 
days Feed 
Flow 
Rate, Reactor 
ml/min AP,psia 
Reactor 
T emperature, °C 
Top Bottom 
53 Star-Dri 35-R 470 3 38 39 
54 Star-Dri 35-R 480 1 38 39 
55 Star-Dri 35-R 480 1 36 37 
56 Star-Dri 35-R 480 1 37 38 
57 Star-Dri 35-R 490 1 37 38 
58 Star-Dri 35-R 470 4 36 37 
59 Star-Dri 35-R 430 2 38 39 
60 Star-Dri 35-R 490 1 37 38 
61 Star-Dri 35-R 490 1 38 39 
62 Star-Dri 35-R 460 3 38 39 
63 Star-Dri 35-R 450 3 38 39 
64 Star-Dri 24-R 470 5 38 39 
65 Star-Dri 24-R 460 10 38 39 
66 Star-Dri 24-R 500 2 37 38 
67 Star-Dri 24-R 500 2 37 38 
68 Star-Dri 24-R 490 2 37 38 
69 Star-Dri. 24-R 460 1 37 38 
70 Star-Dri 24-R 1020 2 37 38 
71 Star-Dri 24-R 500 1 38 39 
72 Star-Dri 24-R 530 1 38 39 
73 Star-Dri 24-R 480 1 38 39 
74 Star-Dri 24-R 480 1 38 39 
75 HgO 30 42 
Specific 
Sterilizer Gravity Water 
Feed Temperature, 60°F/60°F Conductivit 
pH °C Feed Product Mmho/cn? 
4.1 118 1.129 1.134 19.3 
4.2 118 1.129 1.133 20 
4.1 118 1.128 1.132 20 
4.0 118 1.127 1.132 20 
4.0 118 1.128 1.132 20 
4.1 118 1.128 1.133 40 
4.1 118 1.128 1.133 195 
4.0 118 1.129 1.134 600 
4.0 118 1.128 1.134 74 
4.1 118 1.127 1.133 9.2 
4.1 117 1.127 1.133 8.5 
4.0 118 1.128 1.132 7.5 
4.0 118 1.128 1.132 7.0 
3.9 118 1.127 1.133 6.8 
4.1 118 1.127 1.132 8.6 
4» 1 . 118 1.128 1.133 5,5 
4.1 118 1.127 1.132 13.0 
4.2 118 1.128 1.133 16.8 
4.0 118 1.127 1.133 15.8 
4.0 118 1.123 1.133 18.6 
4.0 118 1.128 1.133 17.8 
3.9 118 1.128 1.132 83 
4.2 119 1.0 4.0 
Table LI-A.  (cont inued)  
Specific 
Elapsed Flow Reactor Sterilizer Gravity Water 
Time, Rate, Reactor Temperature,Feed Temperature, 60°F/60°F Conductivity, 
days Feed nl/min AP,psia Top Bottom pH °C Feed Product jamho/cm^ 
76 Star-Dri 24-R 530 9 38 39 4.1 119 1.128 1.133 460 
77 Star-Dri 24-R 500 3 38 39 4.1 -118 .1.127 1.134 850 
78 Star-Dri 24-R 450 9 38 39 4.1 119 1.117 1.122 680 
79 Star-Dri 24-R 440 13 39 40 4.2 119 1.128 1.133 85 
80 Star-Dri 24-R 440 14 39 40 4.2 119 1.128 1.134 6.1 
81 Star-Dri 24-R 440 16 39 40 4.2 119 1.128 1.133 6.0 
81 Star-Dri 24-R 1020 20 39 40 4.2 118 1.128 1.133 6.0 
104^ Star-Dri 24-R 1020 20 39 40 4.5 119 1.128 1.133 85 
167^ Star-Dri 24-R 1000 20 39 39 4.4 118 1.128 1.133 110 
16S^ Star-Dri 24-R 550 20 38 39 4.4 119 1.128 1.133 110 
460^ Star-Dri 24-R 1030 20 38 39 4.4 119 1.128 1.133 430 
460^ Star-Dri 24-R 500 20 38 39 4.4 119 1.128 1.134 430 
^Immobilized glucoamylase column stored in cold room between operating days. 
^Intermittent operation operation using a-amylase hydrolyzed dextrin prior to this run, with off 
time spent in cold room (see Tables 43 and 44). 
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Table LI-B. Pilot plant operation with purchased dextrin. 
Elapsed 
Time, 
days Feed 
Flow Rate, 
ml/min 
Co'Dcentratior 
GgH- Gg -G^ 
^ wt % dry basi 
^3 Gg 
S 
G DE 
18 a 1060 2.76 3.14 0.91 3.43 89.76 92.4 
20 a 850 3.24 2.85 0.88 3.54 89.49 92.2 
21 a 1050 2.97 2.85 0.81 3.51 89.86 92.8 
22 a 490 1.03 1.95 0.28 5.27 91.46 94.6 
25 a 520 1.44 2.92 0.76 4.68 90.20 93.4 
27 a 500 1.44 2.89 0.86 4.71 90.11 93.4 
28 a 360 0.87 3.04 0.95 6.67 88.47 92.7 
30 a 980 2.78 2.74 0.79 3.15 90.55 93.1 
33 a 420 1.18 2.94 0.87 4.97 90.04 93.4 
37 c 480 1.15 4.30 1.69 6.12 86.74 91.3 
39 c 480 1.35 4.56 1.66 5.66 86.77 91.1 
42 c 520 0.64 4.97 2.31 5.37 86.71 91.1 
47 c 510 2.40 4.04 . 1.55 5.38 86.63 90.8 
48 c 500 1.09 5.42 1.76 5.42 86.31 90.6 
53 b 470 1.24 5.37 1.88 5.70 85.81 90.4 
58 b 430 1.01 5.37 1.16 5.27 87.19 91.3 
65 a 460 1.05 2.65 0.54 4.38 91.38 94.3 
69 a 460 1.06 3.02 0.86 4.79 90.27 93.6 
70 a 1020 2.20 3.38 1.10 4.19 89.13 92.4 
81 a 440 1.08 2.92 5. 14 90.86 94.0 
81 a 1020 1.18 3.12 0.67 5.07 89.96 93.4 
1 H/l 1 ^ Ann o OR O OR n oo QO no OO "7 a UU V # uu O • kJKJ oy • y Z m  / 
167^ a 1000 2.44 2.96 1.62 3.66 #L32 92.4 
1681 a 550 1.49 2.42 1.34 4.07 90.68 93.7 
460^ a 1030 3.99 3.26 1.10 3.52 88.13 90.8 
460® a 500 1.90 2.85 0.74 4.04 90.47 93.4 
"Star-•Dri 24-•R 35.62 40.62 9.87 8.57 5.32 23.5 
^btar-•Dri 35-R 31.66 31.90 10.52 11.46 14.46 33.7! 
^Star--Dri 42" n -r\ 27.23 31.64 11.21 12.72 17.20 36.0 
^Immobilized glucoamylase column stored in cold room between 
operating days. 
^Intermittent operation using a-amylase hydrolyzed pearl starch 
prior to this run, with off time spent in cold room (see Tables 
43 and 44). 
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Table LII-A, Pilot plant operation with Thermamyl-60 a-amylase hydrolyzed 
pearl starch. 
Starch Sterilizer Column Temp., 
Feed Feed Rate, Temp,, C 
DE ml/min pH °C Top Bottom 
16.0 600 4.4 119 39 39 
16.0 300 4.4 119 40 40 
16.0 435 4.4 119 40 40 
22.0 960 4.3 118 41 41 
22.5 830 4.4 119 40 40 
22.5 620 4.4 119 40 40 
22.5 400 4.4 119 40 40 
23.4 620 4.3 119 40 40 
23.4 820 4.3 119 40 41 
25.8 820 4.4 119 39 40 
25.8 610 4.4 119 39 39 
25.8 400 4.4 119 39 39 
32.7 820 4.4 119 40 40 
32.7 620 4.4 119 40 40 
32.7 400 4.4 119 40 40 
32.7 900 4.4 119 40 40 
Table LII-B. Pilot plant operation with Thermamyl-60 a-amylase hydrolyzed pearl starch. 
Starch 
Feed . 
Strel^T ml/min 0*+ Concentration, wt^^ y unknown G DE 
Fsed 58. ,95 29. 00 7. 44 3. 79 
Product 600 9. ,32 0. 40 0. ,61 1. 
93 
Product 300 2. ,37 0. 52 0. ,36 3. 80 
Product 435 4. ,57 0., 67 0. 62 3. 42 
Feed 46, .76 34. 52 9, .07 6. 58 
Product 960 5, .26 0. 63 0, .63 2. 95 
Feed 33. .29 41. 14 14. 00 8. 87 
Product 830 3. 73 0. 64 0. 71 2. 77 
Product 620 2. 13 0. 56 0. ,72 3. 36 
Product 400 1. ,00 0. 45 0. 77 4. 30 
Feed 32. ,15 40. 16 13. 88 10. 72 
Product 620 2. 10 0. 98 0. 21 2. 77 
Product 820 2. .32 0. 29 0. .36 2. 56 
Feed 30. .89 37. 86 13. .48 12. 88 
Product 820 3. .23 0. 48 0. .69 2. 27 
Product 610 1. ,87 0. 50 0. 59 2. 47 
Product 400 0. .92 0. 32 0. .43 3. 60 
Feed 21. ,72 33. 56 16. 73 18. 64 
Product 820 0, .96 0. 70 1. 43 2. 59 
Product 620 0, .69 •0. 51 1. 06 2. 91 
Product 400 0. ,72 0. 71 1. 24 3. 79 
Product 900 0. 97 0. 73 1. .53 2. 43 
0.52 
0.32 
0,79 
87.19 
92.97 
90,86 
16.0 
89.6 
95.42 
93.4 
— —» 4.03 22.0 
90.51 92.8 
— —• 2.68 22.5 
0.33 91.80 94.1 
0.30 92.90 95.3 
0.164 93.41 96.1 
0.33 2.72 23.4 
0.90 93.01 95.5 
0.85 93.59 95.7 
4.87 25.8 
0.85 92.46 94.7 
0.71 93.84 95.9 
0.74 93.95 96.4 
0.81 8.53 32.7 
2.85 91.45 94.9 
2.80 92.00 95.4 
2.73 90.79 94.7 
2.74 91.58 94.9 
IV) 
Table LIII-A. Pilot plant operation with HT-1000 a-amylase hydrolyzed 
pearl starch 
Starch Sterilizer Column Temp,, 
Feed Feed Rate, Temp., °C 
DE ml/min pH °C Top Bottom 
14.4 820 4.3 118 40 40 
14.4 650 4.3 119 40 40 
14.4 410 4.3 119 40 40 
14.4 270 4.3 119 40 40 
14.7 560 4.5 118 40 40 
14.7 260 4.4 118 40 40 
18.3 830 4.4 118 40 40 
18.3 600 4.4 119 40 40 
18.3 400 4.4 119 40 40 
22.6 850 4.3 118 40 40 
22.6 650 4.3 119 40 40 
22.6 450 4.3 119 40 40 
23.2 830 4.3 118 40 40 
23.2 620 4.3 119 40 40 
23.2 420 4.3 119 40 40 
24.6 850 4.3 118 40 40 1 1 n 40 /in /4.u ùvv M X  y  
28.0 840 4.4 119 40 40 
28.0 650 4.4 119 40 40 
28.0 450 4.4 119 40 40 
31.2 850 4.3 118 30 30 
31.2 630 4.3 119 40 40 
31.2 425 4.3 119 40 40 
Table LIII-B. Pilot plant operation with HT-1000 a-amylase hydrolyzed pearl starch 
Reactor 
Stream 
Starch 
Feed 
Rate, 
ml/min Ga + 
Concentration, 
G8-G4 
wt % dry basis 
G3 Gz unknown G DE 
Feed 63 .26 29 .47 5 .28 2.19 0 .77 14 .4 
Product 820 6 .92 0 .73 0 .14 2.45 0 .86 88 .87 91 .4 
Product 650 5 .54 1 .14 0 .22 2.46 0 .87 89 .61 92 .1 
Product 410 2 .98 0 .79 0 .23 3.64 0 .87 91 .47 94 .3 
Product 270 I .86 0 .15 0 .54 4.76 0 .79 91 .87 95 .0 
Feed 62 . 36 29 .64 4 .77 2.56 -, 0 .65 14 .7 
Product 560 6 .43 1 .20 0 .76 3/20 1 .46 96 .93 90 .4 
Product 260 4 .04 0 .20 0 .80 3.98 1 .21 89 .74 93 .1 
Feed 45. 55 38. ,45 8. 39 6.30 1. ,29 18. ,3 
Product 830 5. ,91 1. ,77 0, 51 2.30 0. ,79 88. ,69 91. ,3 
Product 600 3. ,40 0, ,79 0. 37 3.21 1. ,09 91. ,12 93. 9 
Product 400 2. ,22 0. ,27 0. 41 3.28 0. ,79 93. ,02 95. 5 
Feed 35. 56 40. 03 10. 82 10.09 3. 47 22. 6 Product 850 6. 12 0. 55 0. 51 2.09 0. 35 90. 35 92. 5 
Product 650 3. 90 0. 78 0. 57 2.54 0. 42 91. 76 94. 0 
Product 450 2. 22 0. 58 0. 53 3.26 0. 34 93. 05 94. 8 
Feed 34. ,85 38. ,63 11. ,63 11.47 3. ,41 23. 2 
Product 830 4. 36 1. ,36 0. ,46 2.46 1. ,04 90. ,29 92. 9 
Product 620 2. 68 0. 85 0. ,28 2.82 1. ,01 82. ,33 94. 8 
Product 420 2. 28 0. 26 0. ,31 3.42 0. 91 92. 80 95. 4 
Table LIII-B.  (cont inued)  
Starch 
Feed 
Reactor Rate, Concentration, wt % dry basis 
Stream ml/rr.in Gg+ -G^ G3 G^ unknown G DE 
Feed 34. 24 36, .77 12. 36 11. 95 0, 37 4, .28 24. 6 
Product 850 3. 59 0. ,70 0. 89 2, ,11 3. 23 89. ,45 92. ,9 
Product 600 2. 76 0. ,66 1. 03 2. ,98 3. 27 89. .29 93. 1 
Feed 29. 90 34. ,29 13. 74 15. ,71 — — 6. ,33 28. ,0 
Product 840 4. 93 4. ,14 1. 73 2. ,34 86. ,83 89. 8 
Product 650 3. 80 1. 18 1. 07 2. 23 0, 56 91. ,13 93. ,0 
Product 450 2. 39 0. 79 0. 62 2. ,58 0. 41 93. 16 95. 3 
Feed 28. , 16 29 .81 15, .02 17, .32 1. 49 8, .18 31, .2 
Product 850 2, 74 0, .94 1, .92 5. 65 87, .08 91 
Product 630 2. 04 0, .35 2, .50 5. 86 88, .25 93 
Product 425 1.99 0.54 3.00 5.37 87.79 92 
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XI. APPENDIX II 
C THIS IS PROGRAM GLUC.FTN 
C 
C THIS IS A ROUTINE TO SOLVE FOR THE CONCENTRATION PROFILES 
C IN THE PORES OF A PARTICLE OF IMMOBILIZED GLUCOAMYLASE ON 
C POROUS SILICA CERAMIC CARRIER. THE DEXIRINS FROM DPIO TO 
C GLUCOSE, ALPHA AND BETA FORMS ARE REPRESENTED. THE HYDROLYSIS 
C IS M-M KINETICS WITH REVERSIBILITY ON MALTOSE AND GLUCOSE. 
C Tt-E FIRST STEP IS TO IMPUT TPE CONSTANTS: 
IMPLICIT REAL (l-N) 
LOGICAL*! Ll(lO) 
INTEGER IHLFjNDIM,I,N,ISW,ISTEP,IMOD,BOMB,ITEMAX 
DIMENSION Y(22),DERY(22)jPRMI(5),AUX(16,22),RA(9),RG(10), 
1 PHI(10),XI(10),GI(11),G(11),G0(11),I1(11),J2(11),K3(11),E(11) 
2,L(11),R(11),FL(11),FR(11),DE(10) 
COMMON X,Y,DERY,PRMT,IHLF,NDIM,AUX,IPRINT,RG,RA,RRV,PSI,PHI,KM, 
1KMU,KMU1,UMAC,KEW,AK1,AK2,AK3,AK4,XI,M10,M2,M3,M1,G1,B0MB,A 
TYPE 17 
17 FORMAT (' ENTER DATA FILE NAME '$) 
ACCEPT 18,LI 
18 FORMAT (lOAl) 
CALL ASSIGN(1,L1,10) 
CALL FDBSET(1,'OLD') 
READ(1,19) 
19 FORMAT(30H TITLE GOES HERE 30 CHARACTERS) 
DATA RG,RA/O.0,1.0453,.357,.27,.217,.182,.156,,137, 
1 .122,.1099,0.0,.6786,.7568,.8043,.8364,.8594,.8767,.8902, 
2 .9011/ 
C RG'S ARE THE MASS FRACTIONS REMAINING AFTER GLUCOSE IS 
HYDROLYZED FROM THE NEXT HIGHER OLIGIMER NmBER : 
DATE KM,KMU,KMUl,KEQ,AKl,AK2,AK3,AK4/l.0,.0442, 
1 ,02785,,0000345,.000071,.000071,.000164,.000046/ 
READ 271,BOMB,M10,MAXE,FAC1,FAC2 
271 FORMAT(14,4F8.4) 
READ 27,UMAX,XI 
27 FORMAT(11F8,4) 
C THESE ARE THE KINETIC CONSTANTS FOR THE EQUATIONS 
C KM IS THE MICHEL IS CONSTANT. VMAX IS THE MAXIMUM REACTION 
C RATE, KÎ.1U1 Abm Kf/.U ARE RATE CONSTAKTS FOR THE MLTAP.OTATION OF 
C GLUCOSE, AND KEQ AND THE KA'S ARE THE KINETIC CONSTANTS FOR THE 
C REVERSIBLE HYDROLYSIS OF MALTOSE. 
C THE X'S ARE DIMENSIONLESS DISTANCES ALONG THE PORE WHEN 
C THE CONCENTRATION OF THE SPECIES GOES TO ESSENTIALLY 0.0 
C THE M'S ARE COEFFICIENTS FOR THE ITERATION ROUTINE 
READ 27,GO 
C THESE ARE THE BULK CONCENTRATIONS OF THE SPECIES AT THE 
C PARTICLE SURFACE 
DATA PRMr,NDIM/0.0,1.0,.0.2,.002,0.0,22/ 
C THESE ARE INPUT CONSTANTS FOR THE INI'EGRATION ROUTINE 
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DATA RD,DE/.02375,1.2E-4,4.7lE-5,2.24E-5,1.54E-5,9.27E-6, 
1 6.25E-6,3.8E-6,2.12E-6,1.08E-6,8.8E-7/ 
C RD IS THE PARTICLE RADIUS IN CM. DE'S ARE THE RESPECTIVE 
C EFFECTIVE INIRAPARTICLE DIFFUSIVITIES. 
C MAXE IS THE ERROR ALLOWED IN THE CALCULATED CONCENTRATIONS 
DATA II,J2,K3,A/11*1.0,11*0.0,11*0.0,0.0/ 
READ 28,G 
28 FORMAT(6E14.7/5E14,7) 
C THESE ARE CONSTANTS USED IN THE ITERATION ROUTINE 
C THESE ARE THE INITIAL GUESSES FOR THE INTERNAL STARTING 
C CONCENTRATIONS OF THE SPECIES FOR THE INTEGRATION 
TYPE 19 
TYPE 29,VMAX,GO 
29 FORMATC VMAX=',F8.2, ' G0"S=',5F9.4/' ',6F9.4,//' ') 
READ 36,ITEMAX 
36 FORMAT(14) 
C CALCULATE THE NEEDED VALUES FOR THE INTEGRATION 
C AND DO THE INTEGRATION 
RRV=RD*RD*VMAX 
psi=rd*rd/de(i) 
DO 32 1=1,10 
phi(i)=rrv/de(i) 
32 CONTINUE 
DO 11 1=1,11 
Y(l)=0.0 
DERY(I)=0.04545 
GI(I)=G(I) 
11 CONTINUE 
DO 12 1=12,22 
Y(I)=GI(I-11) 
DERY(I)=0.04545 
12 COWINUH 
DERY(21)=DERY(21)40.00005 
DERY(22)=DERY(22)40.00005 
5 CALL HPCG 
C THE NEXT SECTION DOES THE ITERATION AND CONVERGENCE. 
B0MB=B0MB4-1 
IF(B0MB.Gr.ITEMAX.AND.B0MB.LT.500 ) GOTO 1000 
21 FORMAT(/' ERRORS',/' ',3(4E.16.7/' ')) 
22 FORMAT(/' NEW GI"S',/' ',3(4Ei6.7/' ')) 
23 FORMAT (/' CALCULATED DQ/DX^'s',/' %3(4516 = 7/' ')) 
IF(X.LT.0.999995) GO TO 998 
N=0 
NEWM=M10 
DO 30 1=11,1,-1 
E(I)=G0(I)-Y(I+11) 
IF(ABS(E(I)).LT.MAXE.) GOTO 39 
IF(I.EQ.2.AND.ABS(E(3)).GE.MAXE.) GO TO 30 
IF(I.EQ.1.AND.ABS(E(3)).GE.MAXE) GOT TO 30 
GO TO 305 
301 
39 
381 
382 
383 
305 
307 
30 
998 
9981 
9995 
997 
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CALL GNEW(GI(T),E(I),L(I),R(I),FL(I),FR(I),I1(I),J2(I),K3(I), 
1 MIO) 
M10=NEWM 
GO TO 30 
N=N+1 
IF(N.Gr.5 .AND.MNEW.EQ.O.O) GOT TO 381 
IF(N.EQ.ll) BOMB=500 
GO TO 30 
TYPE 382,MIO 
FORMAT(' DO YOU WANT TO CHANGE MIO? M10=',F6.4/' ', 
1 'IF YES TYPE NEW MIO; IF NO, HIT RETURN,'$ ) 
ACCEPT 383,MNEW 
FORMAT(F6.4) 
IF(MNEW.EQ.O.O) GOT TO 305 
M10=MNEW 
CONTINUE 
IF(E(I).EQ.FL(I).0R.E(I).EQ.FR(I).0R.GI(I).EQ.R(I).0R.. 
1 GI(1).EQ.L(I).AND.ABS(E(I)),GE.MAXE) GO TO 307 
IF(ABS(E(I)).LT,MAXE) GOTO 30 
GO to 301 
I1(I)=1.0 
J2(I)=0.0 
K3(I)=0.0 
FL(I)=0.0 
FR(I)=0.0 
L(I)=0.0 
R(I)=0.0 
GO TO 301 
CONTINUE 
GI(1)=BIMIT(GI(2),GI(1)) 
GO TO 999 
TYPE 4;X 
DO 9981 1=11,3,-1 
IF(Y(I+11).LT.0.0.AND.I.GT.3) Gl(l)=Gl(l)*FACl 
IF(I.EQ.3 .AND.Y(I+11).LT.0.0)GI(I)=:GI(I)*FAC2 
CONTINUE 
DO 9995 1=1,11 
I1(I)-1.0 
J2(I)=0.0 
K3(I)=0.0 
FL(I)=0.0 
FR(I)=0.0 
L(I)=0.0 
R(I)=0.0 
CONTINUE 
GO TO 999 
DO 9982 1=1,11 
Y(I)=0.0 
CONTINUE 
DO 9983 1=12,22 
Y(I)=GI(I=11) 
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9983 CONTINUE 
DO 9984 1=1,20 
DERY(I)=0.04545 
9984 DERY(21)=0.0455 
DERY(22)=0.0455 
GO TO 5 
999 CONTINUE 
IF(X.LT..999995) GO TO 997 
TYPE 21,E 
IF(B0N1B.EQ.500 ) GO TO 6240 
IF(B0MB.EQ.10 .OR.BOMB.EQ.20 .0R.B0MB.EQ.30 .AND.BOMB.LT.ITEMAX) 
i GO TO 6240 
GO TO 997 
6240 TYPE 25BOMB 
TYPE 22,Gl 
ACCEPT 3,A 
IF(A.EQ.2.0) GO TO 1000 
IF(BOMB.LT.500) GO TO 997 
TYPE 23,(Y(I),I=12,22) 
TYPE 24,(Y(I),I=1,11) 
IF(A.EQ.2.0) GO TO 1000 
GO TO 997 
2 FORMAT(' ',14,'=ITE,DO YOU WANI MORE? YES,HIT RETURN:'/' 
1 'FOR NO HIT 2. ; FOR A FULL LIST HIT 1. '$) 
3 FORMAT (F4.0) 
4 FORMAT(' X IS LESS THAN 1,X=',F7.4) 
1000 CONTINUE 
IF(BOMB.GT.ITEMAX.AND.BOMB.LT.500) TYPE 43,BOMB 
IF(BOMB.EQ.500) TYPE 44 
IF(A.EQ.2.0) TYPE 45 
43 FORMAT( ' TOO MANY ITERATIONS.ITERATIONS^', 14/' '") 
44 FORMAT (' CONVERGENCE, HUN bWhu ',/' ') 
45 FORMAT(' RUN ABORTED BY KEYBOARD DIRECTIVE',/' ') 
END 
C + 1 I  l-IH I I 4-I-H-H-+ I I 1 I I i I I I l-4+4-f4--H-+++-H-H--H 
C 
SUBROUTINE GNEW(G0LD,ERR,XL,XR,FXL,FXR,AI,/U,AK,FACTOR) 
IF(AI.GT.2.8) GO TO 25 
IF(ERR.GT.O.O) GO TO 15 
IF(AI.GT.1.5).AND.(AJ.GT.0.5)) AI=1.0 
XR=GOLD 
FXR=ERR 
AJ=1.0 
AI=AI+1.0 
IF(AI.GT.2.5) GO TO 17 
GOLD=GOLD/F ACTOR 
GO TO 30 
15 CONTINUE 
IF(AI.GT.1.5).AND.(AK.GT.0.5)) AI=1.0 
XL=GOLD 
FXL-ERR 
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AK=1.0 
AI=AI+1.0 
IF(AI.Gr.2.5) GO TO 17 
GOLD=GOLD*FACTOR 
GO TO 30 
25 AI=AI+1.0 
IF(ERR*FXL.LT.0.0) GO TO 26 
XL=GOLD 
FXL=£RR 
GO TO 17 
26 XR=GOLD 
FXR=ERR 
17 GOLD=(XL*FXR=XR*FXL)/(FXR-FXL) 
30 RETURN 
END 
c mmmmmmmmmmmmmmmmmmmmëmmmmmmm 
FUNCTION STEP(A,B) 
IF(B-A)1,2,2 
1 STEP=0.0 
GO TO 3 
2 STEP=1.0 
3 RETURN 
END 
C $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
C THIS ROUTINE KEEPS BETA GLUCOSE BETWEEN TOTAL GLUCOSE 
C AND ITS EQUILIBRIUM VALUE 
FUNCTION BIMrr(A,B) 
IF(A.GE.B.AND.B.GE.0.063*A) GO TO 1 
IF(B.Gr.A)GO TO 2 
IF(0.63*A.GT.B) GO TO 3 
1 BIMIT=B 
GO TO 10 
2 BIMIT=A 
GO TO 10 
3 BIMIT=0.63*A 
10 RETURN 
END 
C 
C SUBROUTINE FCT(XX) EVALUATES THE FUNCTIONS FOR HPCG 
SUBROUTINE FCT 
IMPLICIT REAL (l-N) 
INTEGER I,N,J,IHLF,NDIM,BOMB 
DIMENSION Y(22),DERY(22),PRMT(5),AUX(l6,22),RA(9),RG(10), 
IPHI(IO),XI(10),P(10),RATE(10) 
COMMON X,Y,DERY,PRMT,IHLF,NDIM,AUX,IPRINT,RG,RA,RRV,PSI,PHI,KM, 
1KMU,KMU1,VMAX,KEQ,AK1,AK2,AK3,AK4,XI,M10,M2,M3,M1,GI,BOMB-,A 
DO 3 1=2,10 
P(I)=STEP{XI(I),X) 
3 CONTINUE 
DO 4 J=3,10 
RATE(J)=P(J)*Y(J+12)/(Y(J+12)-H<M) 
TOT 01 00 (0'0'b3'XX)jI 
OT 0100 (T'bH'awoe 'ONV'o'o'ba'xxjdi 
anNiiNoo 
((l)lHd)lHÔS=(l)SIHd 
0T'T=I 3 oa 
0=JNiadI 
3 01 00(0*0*JD*XX)dI 
dlHl'gZ HdAl (OT'lD'dlHl)dl 
v'awoa'io'Tw'ew'2w'0Tw'ix'i7>iv'e>iv'3w'MH)i'xvwA'Tnw>!'nw>iT 
'lADl'lHd'lSd'AHH'VH'OH'JNIHdl'xnv'WiaN'JlHl'HAIHd'AHHa'A'X NOIWIOD 
(OT)SIHd'(TT)ID'(OT)IX'(OT)lHd'(0T)9a T 
'(6)VH'(22'9T)Xnv'(Q)JWHd'(33)AH3a'{ZZ)K NOISNHWIQ 
aiAIOa'aOlAII'dHISl'MSl'r'N'l'WION'glHI H303INI 
(N-l)TV3a liondwi 
(xx)djjio HNiinouans 
/Q^ o/Q/o/o/o/o/o/o/cv'o/o/o/o/(yo/o/c/o/o/o/o/o/o/o/o/(yo/o/Q/o/o/o/Q/o/o/o/o/Q/o/o/(v'Q/o/o/cy'o/o/o/o/o/c/o^  
o/b/Q/b/o/o/o/o/o/^/o/o/^/o/o/o/o/o/o/b/oyo/o/b/o/o/o/b/o/o/o/o/b/o/o/^/o/o/c/b/b/^ 
(Ml 
NHniHH 
anNiiNOO 
(lI-l)A=(l)AHHa 
\-'zVzz=i zz oa 
anwiiNOD 
•e/nw3ji/a*isd-*e/a0aiva*(T)iHd-=(T)AH3a 
•e/T9'3iva* ( T ) iHd-= (2 ) Aaaa 
(*e/((e)3ivH*(2)vH**Q-(2)ajya)*(s)iHd)*(6)d=:(e)AH3a 
(•e/((t7)aiva*(,eWH*'2-(e)3iva)*(e)iHd)*(e)d=(i7)Aa3a 
(•e/((r)3iva*(T-r)va-(T-r)3iva)*(T-f)iHd)*(T-f)d=(r)AH9a 
T-'Q'OT=f TT oa 
('C/(0T)31VH*(0T)lHd)*(0T)d=(TT)Aa3a 
QZ 01 09 
nwaiVH*ISd-XX/(T)A**2-a931VH*(T)lHd-=(T)AH3a 
XX/(Z)A*'Z-T931Va#(T)IHd-=[z)AH3a 
(XX/(e)A**2-((e)31Va**t7*(S)VH-(2)31Va)*(2)lHd)*(2)d=(e)AH3a 
(xx/(^)A*'2-((t7)aivH*(e)vH*o*2-(e)3ivH)*(e)iHd)*(e)d:=(^)Aa3a 
3nMIJN00 
0XX/(I)A* T 
0*2-((l)31VH*(T-l)VH-(T-l)31Va)*(T-l)lHd)*(T-l)d=(l)AH3a 
i;-'ç'OT=I 9 oa 
(XX/(TT)A*0*2-(0T)31Va*(0T)lHd)*(0T)d^(TT)AH3a 
OT 01 CO (0'0'b3'XX)dI 
nw>i* {z T ) A-Tnm* (e t ) A=nw3ivH 
(2)3iva*(s)9H*T80*+(e)3iva*(e)9a*Q*+b=aD3ivH 
(2 )31VH* (S ) 9a*T •+ (e ) 3iva* ( e) 9H*Q •+b=T931VH 
3nNIIN00 
ia+b=b 
(i)3ivy*(i)9it=iy 
0T*t^i g oa 
o*o=b 
( (ST ) A* (ST ) A*^>iV+(ST ) A* (n ) A*e m (e T ) A*2 W+T 
(ST)A*T>lV+W>H-(t7T)A)/(t)3>!*(ST)A*(eT)A-(H)A)*(S)d=(2)31Va 
3nNIJN03 
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IF(A.EQ.O.O)GO TO 100 
N=100*(X+.0005) 
IF(N.EQ.100*IPRINr*PRMr{3)) GOTO 11 
14 CONTINUE 
IF(N.EQ.20 .OR.N.EQ.40 .)R.N.EQ.60 .0R.N.EQ.80 ) GOTO 50 
GO TO 100 
10 TYPE 20,BOMB,PHIS 
101 TYPE 31,XI 
11 TYPE 21,X,(Y(I),I=12,22) 
IF(XX.EQ. 0.0) GO TO 17 
TYPE 22,(Y(I),I=1,11) 
17 IPRINr=IPRINT+l 
GO TO 14 
50 TYPE 28,X 
ACCEPT 28,PRMr(5) 
100 RETURN 
20 FORMAT( 'START INTEGRATION -X=0.0, ITERATION N0='',I3, 
I'THIELE MODULUS-GI-GIO',/' ',10F6.l/' ') 
21 FORMAT(' ',70H X/G3/G7 GB/G4/G8 G/G5/G9 
1 G2/G6/G10 ,/' ',3(4E16.7/' ')) 
22 FORMAT(' ',70H GB' /G4' /G8' G'/GS' /G9' G2/G6' / 
IGIO' G3' /GT' ,/' ',3(4516.7/' ')) 
25 FORMAT (' IHLF=',I4) 
28 FORMAT(F4.2) 
32 FORMAT(' B0MB=',I4) 
FORMAT(' ',70H XI X2 X3 X4 X5 X6 
1 X7 X8 X9 XIO,/' ',10F7.2/' ') 
END 
C &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
SUBROUTINE HPCG 
C THIS IS THE SUBROUTINE FOR SOLUTION OF A SET OF FIRST 
C ORDER DIFFERENTIAL EQUATIONS USING HAMMING'S MODIFIED 
C PREDICiOR-CORRECIOR METHOD. 
C PURPOSE--TO SOLVE A SYSTEM OF FIRST ORDER ORDINARY GENERAL 
C DIFFERENTIAL EQUATIONS WITH GIVEN INITIAL VALUES. 
C USAGE— 
C CALL HPCGPRMT,Y,DERY,NDIM,IHLF,FCT,OUTP,AUX) 
C PARAMETERS FCT AND OUTP REQUIRE AN EXTERNAL STATEMENT. 
C DESCRIPTION OF PARAMETERS : : : 
C PRMT - AN INPUT AND OUTPUT VECTOR WITH DIMENSION GREATER 
C OR EQUAL TO 5, WHICH SPECIFIES THE PARAMETERS OF 
C THE INTERVAL AND OF ACCURACY AND WHICH SERVES FOR 
C COMMUNICATION BETWEEN OUTPUT SUBROUTINE (FURNISHED 
c: BY THE USER) AND SUBROUTim HPCG. EXCEPT PRMT(5) 
C THE COWPONENTS ARE NOT DESTROYED BY SUBROUTINE 
C HPCG AND THEY ARE : 
C PRMT(l)-LOWER BOUND OF THE INTERVAL (INPUT) 
C PRMT(2)-UPPER BOUND OF THE INTERVAL (INPUT) 
C PRMT(3) - INITIAL INCREMENT OF THE INDEPENDENT VARIABLE (INPUT) 
C PRMT(4)-UPPER ERROR BOUND(INPUT). IF ABSOLUTE ERROR IS 
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C GREATER THAN PRMT( 4 ) ,INCREMENT GETS HALVED. IF 
C INCREMENT IS LESS THAN PRMT( 3 )  AND ABSOLUTE ERROR 
C LESS THAN PRMT(4)/50, INCREMENT GET DOUBLED, THE. 
C USER MAY CHANGE PRMT(4) BY MEANS OF HIS OUTPUT 
C SUBROUTINE. 
C PRMT(5)-NO INPUT PARAMETER. SUBROUTINE HPCG INITIALIZES 
C PRMT(5)=0. IF THE USER WANTS TO TERMINATE SUBROUTINE 
C HPCG AT ANY OUTPUT POINT, HE HAS TO CHANGE PRMT(5) 
C TO NON-ZERO BY MEANS OF SUBROUTINE OUTP. 
C FURTHER COMPONENTS OF VECTOR PRMT ARE FEASIBLE 
C IF ITS DIMENSION IS DEFINED GREATER THAN 5. HOWEVER 
C SUBROUTINE HPCG DOES NOT REQUIRE AND CHANGE THEM. 
C NEVERTHELESS THEY MAY BE USEFUL FOR HANDING 
C RESULT VALUES TO THE MAIN PROGRAM WHICH ARE 
C OBTAINED BY SPECIAL MANIPULATIONS WITH OUTPUT DATA 
C IN SUBROUTINE. OUTP. 
C Y - INPUT VECTOR OF INITIAL VALUES. (DESTROYED) 
C LATERON Y IS THE RESULTING VECTOR OF DEPENDENT 
C VARIABLES COMPUTED AT INTERMEDIATE POINTS X. 
C DERY - INPUT VECTOR OF ERROR HEIGHTS, (DESTROYED) THE 
C SUM OF ITS COMPONENTS MUST BE EQUAL TO 1. 
C LATER ON DERY IS THE VECTOR OF DERIVATIVES, WHICH 
C BELONG TO FUNCTION VALUES Y AT A POINT X. 
C NDIM - AN INPUT" VALUE, WHICH SPECIFIES THE NUMBER OF 
C EQUATIONS IN THE SYSTEM. 
C IHLF - AN OUTPUT VALUE, WHICH SPECIFIES THE NUMBER OF BISECTIONS 
C OF THE INITIAL INCREMENT. IF IHLF GETS 
C GREATER THAN 10,SUBROUTINE HPCG RETURNS WITH ERROR 
C MESSAGE IHLF=11 IN MAIN PROGRAM. 
C FCT - THE NAME OF AN EXTERNAL SUBROUTINE USED. IT COMPUTES 
C THE RIGHT HAND SIDES DERY OF THE SYSTEM TO GIVEN VALUES 
C OF X AND Y. ITS PARAMETER LIST MUST BE X.Y.DERY, THF 
C SUBROUTINE SHOULD KOI DESTROY X AND Y. 
C OUTP - THE NAME OF AN EXTERNAL SUBROUTINE USED. ITS 
C PARAMETER LIST MUST BE X,Y,DERY,IHLF,NDIM,PRMT. 
C NONE OF THESE PARAMETERS (EXCEPT, IF NECESSARY, 
C PRMT( 4 ) ,  PRMT(5), ...) SHOULD BE'CHANGED BY 
C SUBROUTINE OUTP, IF PRMT (5) IS CHANGED TO NON-ZERO 
C SUBROUTINE HPCG IS TERMINATED. 
C AUX - AN AUXILIARY STORAGE ARRAY WITH 16 ROWS AND NDIM COLS. 
C -
DIMENSION PRMr(5),Y(22),DERY(22),AUX(l6,22) 
COMMON X,Y,DERY,PRMT,IHLF,NDIM,4UX,IPRINT 
N=1 
IHLF=0 
X=PRMr(l) 
H=PRMT(3) 
PRMT(5)=0. 
DO 1 1=1, NDIM 
AUX(16,I)=0. 
AUX(15,I)=DERY(I) 
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1 AUX(1,I)=Y(I) 
IF(H*(PRMr(2)-X))3,2,4 
C ERROR RETURNS 
2 IHLF=12 
GO TO 4 
3 IHLF=13 
C COMPUTATION OF DERY FOR STARTING VALUES 
4 CALL FCr(X) 
C RECORDING OF STARTING VALUES 
CALL ourp(x) 
IF(PRMT(5))6,5,6 
5 IF(IHLF)7,7,6 
6 RETURN 
7 DO 8 I=1,NDIM 
8 AUX(8,I)=DERY(I) 
C COMPUTION OF AUX(2,I) 
ISW=1 
GO TO ICQ 
9 x=x-m 
DO 10 I=1,NDIM 
10 AUX(2,I)=Y(I) 
C INCREMENT H IS TESTED BY MEANS OF BISECTION 
11 IHLF=IHLF+1 
X=X-H 
DO 12 I=1,NDIM 
12 AUX(4,I)=AUX(2,I) 
H=.5*H 
N=1 
ISW=2 
GO TO 100 
13 X=X-ffl 
CALL FCr(X) 
N=2 
DO 14 I=1,NDIM 
AUX(2,I)=Y(I) 
14 AUX(9,I)=DERY(I) 
ISW=3 
GO TO 100 
C COMPUIATION OF TF.ST VALUE DELT 
15 DELT=0. 
DO 16 I=1,NDIM 
16 DELT=DELT+AUX(15,I)*ABS(Y(I)-AUX(4,I)) 
DELT=:.06666667*DELT 
IF (DELT -PRMT (4) ) 19,19,17 
17 IF(IHLF-10)11,18,18 
C NO SATISFACTORY ACCURACY AFTER 10 DISECTIONS.ERROR MESSAGE 
18 IHLF=11 
X=X+H 
GO TO 4 
C THERE IS SATISFACTORY ACCURACY AFTER LESS THAN 11 BISECTIONS. 
19 x=x-m 
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CALL FCr(X) 
DO 20 I=1,NDIM 
AUX(3,I)=Y(I) 
20 AUX(10,I)=DERY(I) 
N=3 
ISW=4 
GO TO 100 
21 N=1 
X=X+H 
CALL FCr(X) 
X=PRMr(l) 
DO 22 I=1,NDIM 
AUX(11,I)=DERY(I) 
22 Y(I)=AUX(1,1) -ffl*(.375*AUX(8,1)+.7916667*AUX(9,1) 
1-.2083333*AUX(10,I)+.04166667*DERY(I)) 
23 x=x-m 
N=N+1 
CALL FCr(X) 
CALL ourp(x) 
IF(PRMr(5))6,24,6 
24 IF(N-4)25,200,200 
25 DO 26 I=1,NDIM 
AUX(N,I)=Y(I) 
26 AUX(N+7,I)-4)ERY(I) 
IF(N-3)27,29,200 
27 DO 28 I=1,NDIM 
DELT=AUX(9,I)+AUX(9,I) 
DELT=DELT-tI)ELT 
28 Y(I)=AUX(1,1)+.3333333*H*(AUX(8,1) -«ELT +AUX(10,1)) 
GO TO 23 
29 DO 30 I=1,NDIM 
DELT =AUX(9 31)+AUX(lO,l) 
DELT=DELT -WELT -0ELT 
30 Y ( I ) =AUX ( 1,1 ) +. 375*H* ( AUX ( 8,1 ) -®ELT +AUX ( 11,1 ) ) 
GO TO 23 
C THE FOLLOWING PART OF SUBROUTINE HPCG COMPUTES BY MEANS OF 
C RUNGA-KUTTA METHOD STARTING VALUES FOR THE NOT SELF-STARTING 
C PREDICTOR-CORRECTOR METHOD. 
100 DO 101 I=1,M)IM 
Z=H*AUX(N+7,I) 
AUX(5,I)=Z 
101 Y(I)=AUX(N,I)+,4*Z 
Z IS AN AUXILIARY STORAGE LOCATION 
Z=X+.4*H 
CALL FCT(Z) 
DO 102 I=1,NDIM 
Z=H*DERY(I) 
AUX(6,I)=Z 
102 Y(I)=AUX(N,I)+.2969776*AUX(D,I)+.15 87596*Z 
Z=X+.4557372*H 
CALL FCT(Z) 
\ 
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DO 103 I=1,NDIM 
Z=H*DERY{I) 
AUX(7,I)=Z 
103 Y(I)=AUX(N,I)+.2181004*AUX(5,I)-3.050965*AUX(6,I)+3.832865*2 
Z=X+H 
CALL FCr(Z) 
DO 104 1=1, miM 
104 Y(I)=AUX(N,I)+.1747603*AUX(5,I)-.5514807*AUX(6,I) 
1+1.205536*AUX(7,1) +. 1711848*H*DERY(I) 
GO TO (9,13,15,21),ISW 
C STARTING VALUES ARE OOMPOTED. 
C NOW START HAMMINGS MODIFIED PREDICTOR-CORRECTOR METHOD. 
200 ISTEP=3 
201 IF(N=8)204,202,204 
C N=8 CAUSES THE ROWS OF AUX TO CHANGE THEIR STORAGE LOCATIONS 
202 DO 203 N=2,7 
DO 203 I=1,NDIM 
AUX(N-1,I)=AUX(N,I) 
203 AUX(N+6,I)=AUX(N+7,I) 
N=7 
C N LESS THAN 8 CAUSES N+1 TO GET N 
204 N=N+1 
C COMPUTATION OF NEXT VECTOR Y 
DO 205 I=1,NDIM 
AUX(N-1,I)=Y(I) 
205 AUX(N46,I)=DERY(I) 
X=X+H 
206 ISTEP=ISTEP+1 
DO 207 I=1,NDIM 
DELT=AUX( N-4,1 ) +1 c 333333*H* ( AUX( N-f6,1 ) +AUX( N46 ,l)-AUX(N+5,l) + 
1AUX(N+4,I)+AUX(N+4,I)) 
Y(I)=DELT=.9256198*AUX(16,I) 
r\r\ -7 /v T r\r / i / t \ rs r^T T / nuA\lu 3 J. ; — 
C PREDICTOR IS NOW GENERATED IN ROW 16 OF AUX, MODIFIED PREDICTOR 
C IS GENERATED IN Y. DELT MEANS AN AUXILIARY STORAGE. 
CALL FCT(X) 
C DERIVATIVE OF NDDIFIED PREDICTOR IS GENERATED IN DERY 
DO 208 1=1, NDIM 
DELT=.125*(9.*AUX(N-1,I)=AUX(N-3,I)+3.*H*(DERY(I)+AUX(N^,I) 
1+AUX(N+6,I)-AUX(N+5,I))) 
AUX(16,I)=AUX(16,I)-DELT 
208 Y(i)=DELT+.U743801V^AUX(16,l) 
DELT=0. 
D0209 1=1,NDIM 
209 DELTzDELT +AUX(15,1)*ABS(AUX(16,1)) 
IF(DELT-PRMT (4))210,222,222 
C H MUST NOT BE HALVED. THAT MEANS Y(l) ARE GOOD. 
210 CALL FCT(X) 
CALL OUTP(X) 
IF(PRMT(5))212,211,212 
211 IF(IHLF-11)213,212,212 
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213 IF(H*(X-PRMr(2)))214,212,2l2 
214 IF(ABS(X-PRMT(2))-.1*ABS(H))212,215,215 
215 IF(DELT-.02*PRMr(4))216,216,201 
C H COULD BE DOUBLED IF ALL NECESSARY PRECEDING VALUES ARE FOUND 
216 IF (I11LF)201,201,/217 
217 IF(N-7)201,218,218 
218 IF(lSrEP-4)201,2l9,2l9 
219 IM0D=IbTEP/2 
IF ( ISTEP - MOD - IMOD ) 201,220,201 
220 H=H4H 
IHLF=IHLF-1 
ISTF.P=0 
DO 221 I=1,NDIM 
AUX(N-1,I)=AUX(N-2,I) 
AUX(N-2,I)=AUX(N-4,I) 
AUX(N-3,I)=AUX(N-6,I) 
AUX(N46,l)=AUX(N-f5,l) 
AUX(N+5,I)=AUX(N+3,I) 
AUX(N+4,I)=AUX(N+1,I) 
DELT=AUX ( N+6,1 ) +AUX (N-t5,l) 
DELT=DELTELT-IDELT 
221 AUX(16,I)=8.962963*(Y(I)-AUX(N-3,I)-3.361111*H* 
1(DERY(I)+DELT +AUX(N44,1)) 
GO TO 201 
C H MUST BE HALVED 
222 IHLF=IHLF+1 
IF(IHLF-IO)223,223,210 
223 H=.5*H 
ISTEP-O 
DO 224 I=1,NDIM 
Y(I)=.00390625*(80.*AUX(N-1,I)+135.*AUX(N-2,I)440.*AUX(N-3;I) 
l+AUX(N-4,I))-.1171875*(AUX(N+6,I)-6.*AUX(N-f5,l)=AUX(N-M,l)*H 
AUX(N-4,I)=.00390625*(12.*AUX(N-1,I)+135.*AUX(N-2,I)+ 
1108.*AUX(N-3,I)+AUX(N-4,I))-.023475*(AUX(N+6,I)+18.*AUX(N45,I)-
29.*AUX(N44,I))*H 
AUX(N-3,I)=AUX(N-2,I) 
224 AUX(N44,I)=AUX(N+5,I) 
X=X-H 
DELT=X=(H-ffl) 
CALL FCr(DELT) 
DO 225 I=1,NDIM 
AUX(N-2,I)=Y(I) 
AUX(N+5,I)=DERY(I) 
225 Y(I)=AUX(N=4,I) 
DELT=DELT-(H4H) 
CALL FCr (DELT) 
DO 226 I=1.NDIM 
DELT=AUX ( N-iô, I ) +AUX ( N-K, I ) 
DELT=DELT-ti)ELT-+DELT 
AUX(16,I)=8.962963*(AUX(N-1,I)-Y(I))-3.361111*H*(AUX(N4^,I)+ 
IDELT^ERY(I)) 
AUX(N+3,I)=DERY(I) 
GO TO 206 
END 
